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Preface to the 
Fifth Edition 


The developments in the teaching of school chemistry which‘ have taken place 
during the past decade, and which have affected chemistry courses in every 
Continent in the world, have prompted the major revision which has been made 
for this fifth edition of New Certificate Chemistry. These developments have 
involved not only a change in the content of the syllabuses but, more significantly, 
changes in the methods of teaching and examining the subject. One of the prom- 
inent aspects of the *new chemistry" has been the increased emphasis on the place 
of practical work in the course, and as a consequence a major feature of this 
edition is the extended scope and presentation of the experimental work, It is 
therefore anticipated that students will find the book to be of value on the labora-> 
tory bench. 

In addition to the revision of the text of the fourth edition, this book contains 
a substantial amount of new material, particularly in the chapters on states of 
matter, oxidation and reduction, chemical equilibrium, rates of reaction, and 
energy changes in chemical reactions. 

The recommendations of the various Examination Boards and of the Associa- 
tion for Science Education have been taken into account in the system of units 
and nomenclature adopted in this edition. In particular thé A.S.E. publications 
Chemical Nomenclature, Symbols and Terminology and SI Units, Signs, Symbols 
and Abbreviations have been consulted extensively in the preparation of the text. 
Some trivial names in common usage have been retained, and the mole is used 
exclusively throughout. 

The overall objective. has been to produce a book which is not only up to 
date in content and approach, but which also provides sufficient detail in both 
theoretical and experimental work for the student to feel conficent in using it as 
a reference guide for his course. $ 

The authors wish to record their debt to the practising teachers who advised 
them in the preparation of the first edition, more particularly Messrs A. B. 
Adamson, F. E. P. Alford, F. W. Ambler, H. G. Andrew, H. C. Cockroft, 
E. H. Coulson, J. B. Guy. I. G. Jones, P. N. Lawrence, E. W. Moore, T. A. 
Muir, J. Turpie, and E. Dickinson. ^ h 

It is especially a pleasure to acknowledge the helpful comments received dur- 
ing the preparation of this new edition from science teachers throughout the 
world, and in particular the valuable contributions made by Mr Martyn Berry, 
Mr J. P. Chippendale, Mrs Freda Stevens, Mr I. O. Ikeobi, and Dr E. O. Arene, 
all of whom provided helpful advice on the content and structure, and read tho 
manuscript and proofs, and Dr C. J. Devoy, who prepared the questions fom 
Tocent examination papers. Thanks are especially due to Dr J. J. Thompson the 

d the major task of preparing the revised manuscript, incisding 

Writing of new material. J.L 
` Jasury 1976 
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Examination Questions 


Many of the questions at the end of each chapter are reproduced by kind pef- 
mission of the following Examination Boards: 


University of Cambridge Local Examinations Syndicate (C.) 
Oxford and Cambridge Schools Examination Board (O. and C.) 
Joint Matriculation Board (J.M.B.) 

University of London (L.) 

Associated Examining Board (A.E.B.) 

Oxford Delegacy of Local Examinations (O.) 

Welsh Joint Education Committee (W.) 

Southern Universities Joint Board for School Examinations (S.) 
Scottish Certificate of Education Ex^imination Board (Scottish) 
Northern Ireland Examination Board (N.I.) 
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1 Physica: and Chemical 
Change; Elements, 
Compounds, and 
Mixtures | 


Physical and chemicai change 
The science of Chemistry seis bezo:7 isci, as:its primary objects, the determina! 
tion of the nature and properties of the non-living matter which surrounds us 


perature, high pressure, extreme. cold, contact with other materials. 
ee LE and so on. It is largely from the changes which 
materials undergo when subject to these conditions that chemists have drawn 
conclusions about their nature. _ . P 
But changes are many acd various. Any one change may be viewed from many 
different angles. Whea iron rusts, a chemist is concerned witi the different 
iea which the iron and rust possess. How does eacli react with acids; " 


physicist find out about the rusting of iron will help the economist (or, more ~ 
directly, the manufacturer of iron articles). It is mainty as a result of chemical 
research that rustless and stainless steels have appeared, while during the: 


in which the chemist is interested and to which the name ‘chemical’ cr properly 
be applied. With the object of attaining some kind of definition of “chemical 
changes’, we will dow examine a feci changes in the hope that, from them, some 


conclusions may emerge. 
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Experiment 1 
Heating metals in air 


——O(—————————A A ÀÀ——À 


(a) Magnesium 


Hold one end of a piece of magnesium ribbon 
in tongs and put the other end in a Bunsen 
flame. Note the intense brilliance of the flame 
of the burning magnesium and the nature of the 
residue — e white ash — which remains. 


(b) Platinum (or Nickel) 

Repeat the experiment with platinum (or nickel) 
by holding a loose coil of platinum (or nickel) 
wire in a Burisen flame. Note the white-hot 


glow of the metal, but contrast its unchanged 
appearence, after cooling, with the white ash 


Itf BY Whe TERI: 


I 


i Seam 

Safety goggles should be warn for this 
experiment 

Take a small piece of sodium In tongs from the 
oil under which it is kept, and, never touching it 


with your fingers, cut it into pieces about the 


size of a very small pea. Drop these pieces in 
turn on to tho surface of a little distilled water in a 


Amali beaker: Note how the sodium Malts iMa à 


ball, darte about the surface of the water, 
produces a hissing sound, and finally disappears 
with a smell fl and explosion: Haat the 
resulting clear liquid in an evaporating basin 
until no more steam is given off. On cooling, a 


white saia is it adasa ts water. this sona 
dissolves but do net show he seme vigorous 
action as sodium because it (s a new substance. 
(6) Common salt 


To distilled water in a beaker, add some common 


salt and stir tho mixture, The common salt 
undergoes an obvious, change; it gradually 


P ee ART ara S 
into a porcelain dish and heat gently until all the 


water has evaporated off, The common salt 


té&ppeats In lis orlglnal white solld form. 


[n ——— ————À———————————— 


Experiment 3 
Heating of sulphur 


(a) Strongly 

Heat some roll sulphur on a deflagrating spoon. 
Note how the sulphur melts and later begins to 
burn with a blue flamo, It gradually decreases 
in amount and finally the spoon will be left 
empty. The sulphur has not simply been annihil- 
ated. Its disappearance is due to its conversion 
into a new gaseous substance which is in- 
visible, but whose presonce in the alr can be 
detected by its irritating smell or by burning 
the sulphur in a gas-jar and adding to tha jar 


some blüe litmus solution. The gas, sulphur 
dioxide, will turn it red. 


(b) Gently 


Powder some roll sulphur in a mortar, then heat 
it gently in a test-tube, shaking all tho time. 
Notice how the sulphur melts to an amber- 
coloured liquid (other changes will occur if It 
ls more strongly heated) and that this liquid, 


on cooling, returns to its original condition as L] 
yellow solid. 


ERU E a ami (Ae ia 


‘The six changes we have considered above are not all i 
fall into two classes, which are distinguished by the fuse feme in datare, They 
1, All the changes in Experiments (b) were easily reversihte: the molten sulphur 
returned to the solid form when cooled; the Platinum wire ceased to glow and 
regained its original appearance when removed from the flame; the common 
salt was recovered by evaporating off the water. Contrast these results with those 
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of the changes in Experiments (a). The white ash from magnesium was totally 
unlike the original magnesium, and it w: uld be a difficult matter to obtain 
magnesium from it; on evaporation of water in Experiment 2(a) we recovered 
30t sodium, but caustic soda, from which sodium cannot easily be obtained; the 
sulphur became part of a gás from which it would be difficult to recover sulphur. 
These changes are not reversible. The easily reversible type of change is called 
‘physical change’; the more permanent type ‘chemical change’. 

2. In none of the physical changes recorded was a new kind of matter formed; 
we began with platinum, common salt, and sulphur and, after the change, 
finished with just those materials. In all the chemical changes recorded some 
new kind of matter was formed; magnesium was converted to the white powdery 
ash; magnesium oxide: sodium 19 eaNstis 3933; end solid eulphur t9 the ge, 
sulphur dioxide —a new Kind of matter each time. This is characteristic E 


mw Se 
fovet genda 


PE ee diua molest nii i E 

ta Hielt the sodi nd jlent enough sug 

V the end; the burning o€ magnesium produced intense heat and light, end the 

burning of sulphur similar, but less intense, effects. The chemical changes were 

e pre violent, and were accompanied by hcat changes. This is commonly 
4, Although no weighings were taken during (he experiments it can be shown 


that, in all three physical changes which were recorded, no chan mass 
occurred: the sulphur, platinum, and common salt weighed justes MNA 


the changes as after (hien. Ta the (hree chemical changes, however, il can be 


shown that the white ash weighed more than the magnesium, th 
more than the sodium, aud the gascous sulphur dioxide more than Shoewinbur. 


(These gains in mags are made at the expense of other materials whieh lose ia 
mass correspondingly; the gains in the case of magnesium and sulphur were 
pee s the expense of the air and, in the case of sodium, at the expense of the 
water. 3 

We thus distinguish two kinds of changes - chemical changes and physical 


changes. 

Now consider the following suggestions about a few common changes and 
decide by comparison with those discussed above whether the changes are physi- 
cal or chemical. The correct classification appears on page 4. 


1. (a) Melting of ice; W) conversion of water to steam. 

Are the changes easily reversed? Are there any noticeably violent external 
effects? : 
2. Burning of coal. 1 

Does the coal-appear to weigh the same as the products after burning it? 
(oppere here are deceptive, see page 23.) Can\we easily obtain coal again 
rom its products of combustion? Are there any noticeable external effects while 
coal in burning? 
3. Rusting of iron. 
Can iron be easily recovered from the rust? 
is hire herean. ized? Are 

the iron be readily de-magneti there any m à 

«m ization? y marked changes during 
5. A coal-gas explosion. 

Is this change violent? Is there considerable heat change? 
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& Heating of ibe fis ment of xa ciectric Baht globe by the e 
filament readily cooled again? Does it appear changed when 

7. The ing of candle-wax. = 

Is the liquid wax easily solidified again? Does it then appear the same as the 

original wax? Are there any marked heating effects as the melting occus? 


1 d7 


_ We may now summarize the characteristics of chemical and physical chang? 
in the following table. j 


CULO IM  EUTIRT een 


Physical change’ Chemical chango 


1. Froduces no now kind of matter» 

2. 1s generally reversible 

3. is pot accompanied by great heat change 
{except istent hoat- effects accom- 
panying changes of state) 

&. Produces no change of mess 


4. Always produces a new kind of metor 

2. ts generuliy not easily reversible 

3. Is usually accompanied by considorsbló — 
heat change 


4, Produces Individual substances vhose 
masses are different from those. cf th» 
originel individual substances 

Thus, if two substances, A end B, 
react chemically and sre changed into 
Substances C and D, the mess of C will 
be different from the mass of A or B, end ` 
tho masa of D wil! be different from tho 
mass of Ao; B 


, Examples ^-^ ji 
4. All cases of the melting of a solid to a 
tiquid: (or the reversa) l. 
2. Alicases of vaporizetion of 
tho reverse) 
3. Magnetization of iron 


a liquid (or 


Examples 
1. The burning of any substance in sir 
= 2. The rusting of iron 
3. The slaking of lime 
4. Explosion of coal-gas or hydrogen wit. 
eir 


4. Tho heating of a. metal. wire; by. elec- 


Elements end compounds 


We will begin our study of elements and compounds by considering two fairly 
simple chemical changes: ‘Spee x ! 
m———————————————Á—'—— ID 

Experiment 4 
Heating mercury(1l) oxide 


on the upper part of the tést-tube (where it ie 
cool), and later silvery globules of mercury will 
be seen. When tho mirror begins to appear, insert 
a glowing splint of wood into the test-tubs. It is 
rekindled. Thie is because the invisible gas, 
oxygen, le coming off frora the heated oxide, 


This experiment should only be carried out in 
a well-ventilated space. 

Put a spstula full of red oxide of mercury 
(mercury(Il) oxide) into a dry test-tubs, Heat it, 
rotating tho test-tube so that it does not become 
misshapen. A silvery mirror gradually appears 


—— ee RRR—————————————MÓÀÁÓÁÁ € 


It is clear that, under the ection of heat, mercury(II) oxide has yielded two 
products - mercury and oxygen. i 
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aS 
Experiment 5 
Heating lead(il) nitrate 3 
———————————————————ÉÉ. 
This experiment should only be cerrisd out ín à.— this case (they are called nitrogen dioxide), end, 
well-ventilated space, and safety goggles should ` by the test given above, it can be shown that 
be worn. oxygen is also liberated. Finally a yellow solid 

Repeat Experiment 4 using a small quantity of | Will. remain in the test-tubo. This solid is known 
lesd(Il) nitrate. Brown fumes are given off in | 8$ massicot'. 
——————————ÉÉÉ———— 


These experiments show that both mercury (IT) oxide and lead(II) nitrate must 
be fairly complex substances. This is obvious from the fact that mercury(IT) oxide 
yielded, under the action of heat, two substances, mercury and oxygen, while 
lead(II) nitrate yielded three —massicot, nitrogen dioxide, and oxygen. The 
question now arises whether these products can themselves be split up further 
into still simpler substances. The answer to this question is that in two cases 
can; from massicot we can, by suitable chemical means, obtain lead and oxygen, 
and from nitrogen dioxide, nitrogen and oxygen. This means that massicot and 
nitrogen dioxide are themselves complex substances. How much further can this 
process of splitting up into simpler products be carried? Can we obtain from 
the lead, nitrogen, oxygen, and mercury, into which we have resolved our original 
lead(II) nitrate and mercury(II) oxide, any substances which are simpler still? 
The answer now is that we cannot. By no chemical process whatever is it possible 
to obtain from lead, mercury, oxygen, or nitrogen any substance simpler than 
themselves. Clearly, these four simple substances are different from the more 
compiex mercury(II) oxide and lead(IT) nitrate, The number of substances which 
like lead, oxygen, mercury, and nitrogen, ar& incapable of being split up into 
simpler substances is small. There is very good reason to believe that about a 

, hundred such substances may exist, and, of them, nearly all are actually known 
on the earth. To them the name 'elements' has been given. We may now define 
thig term. v 


An element is a substance which cannot by any known chemical process 
be split up irto two or more simpler substances. 


A list of the elements is given on page 499. We may nere mention a few of the 
commoner ones. All the metals - lead, zinc, iron, copper, tin, platinum, gold, 
silver, and the rest - are elements; so also are the oxygen and nitrogen of the air, 
together with carbon, sulphur, phosphorus, iodine, and others to the number of 
over one hundred, Remember the characteristic they all possess = they cannot. 
by any known chemical process be made to yield substances simpler than 
themselves. 

From this small band of elements, all other substances on the earth are made, 
The number of chemical. substances known is approximately three million. 
All of these, except the elements themselves, are made up of two or more elements 
combined together. They are called ‘compounds’, It is astounding to reflect that 
all compounds on the earth, from the simplest, which, like water, contain only 
two elements, to those complex materials of which our own bodily tissues are 

`, composed, gre made from about one hundred simple, elementary materials. 
The elements are indeed a small select band. 

There follows a short list of common compounds and the elements which 

Cad them. 
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Compound Elements contained 

Water Oxygen; hydrogen 

Sugar Oxygen; hydrogen; carbon 

Common salt Sodium; chlorine 

Saltpetre Potassium; nitrogen; oxygen 

Marble Calcium; oxygen; carbon 

Copper(II) sulphate Copper; sulphur; oxygen; hydrogen 
Sulphuric acid Hydrogen; sulphur; oxygen 

Sand Silicon; oxygen 

Clay Aluminium; silicon; oxygen; hydrogen 


It is interesting to note how often oxygen appears in the above list of common 
compounds, and analysis of the earth's crust, the oceans, and the atmosphere 
reveals that oxygen is the most abundant element on earth, accounting for half 
the total mass. , 

The following table gives the approximate percentage composition by mass 
of the earth's crust, the oceans, and the atmosphere. 


:Percentage by mass Percentage by mass 
of elements in of elements in of elements in 
the earth's crust. the oceans the atmosphere 
Oxygen: <47 Oxygen 86 Nitrogen . 76.5 
Silicon 28 Hydrogen 10.9 Oxygen 23 
Aluminium 7.8 Chlorine 1.8 Argon 14 
tron 4.5 Sodium 1.0 Hydrogen 0.02 
Calcium. 3.5 Magnesium 0.1 Carbon 0.01 
Sodium 25 Calcium 0.05 Others (total) 0.07 
Potassium 25 - Sulphur 0.05 h 
Magnesium 20 Potassium 0.04 
Titanium 0.5 Nitrogen 0.02 
lydrogen 02 Bromine 0.01 

H 0,2. Carbon 0.01 

Others (total) 13 Others (total) 0.02 


We may now define a compound. 


A compound is a substance which cóntains (wo or more’ elements? 
chemically combined together. mods Aem EP 

We have found it necessary to use ffi&sxpression. ‘chemically combined’. 
The meaning of it is connected’ with the idea: of chemical. change which was 
discussed earlier. We must now try to obtain à clearer idea of the meaning of the 
expression: and, to do this, we shall contrast the properties of mixtures and 
compounds in the work of the next section 


Mixtures and compounds 


In tbe following experiments, we shall compare the properties of an original . 
mixture of iron and sulphur with those of the black solid left after heating it. ' 
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Experiment 6 


Effect of heat on a mixture of iron and sulphur 


Weigh out 28 g of iron filings and 16 g of sulphur 
(any fractions of these masses will do equally 
well). Grind the two thoroughly in a mortar and 
put about half of the mixture into a dry test- 
tube. Heat the test-tube, at the bottom, with a 
small flame. The mixture will glow. When it does 

so, remove the flame, and hold the test-tube over 
' B mortar as a precaution against breakage. The 


glow will then spread slowly through the mix- 
ture without further heating. Allow the test- 
tube to cool, then break it away from the mass of 
material left. A dark grey, almost black, solid will 
be found. 

Now examine the original mixture and the 
solid Isft after heating as indicated below. 


(a) Action with 
water 


(by Action of a 
magnet 


(c). Action of 
dilute hydro- 
chloric acid 


Mixture before heating 


Place enough of the mixture in a 
test-tube to fill about 2.5 cm of its 
depth. Half fill the test-tube with 
water, shake it well, then allow the 
test-tube to stand. The denser iron 
will settle morerapidly than the lighter 
sulphurand form a layer below it. The 
expetiment separates the iron from 
the sulphur. 


Rub one end of a bar magnet well 
into the mixture, raise it, and tap 
gently. The iron filings will have 
been attracted by the magnet and 
will adhere to it. The sulphur will 
not. They are separated, 


Add. dilute. hydrochloric. acid «to 
some of the mixture jn a test-tube. 
Warm gently. There. is rapid. effer- 
vescence. Apply a lighted taper to 
the test-tube. The resulting slight 
explosion shows that the gas is 
hydrogen. The iron has reacted with 
the acid to produce this gas. The 
sulphur remains unchanged. 


Solid left after heating 


Carry out the same test. The solid 
settles as a single layer with no sign 
of separation of the iron from the 
sulphur. 


Repest with the other end of the 
magnet. A very little iron (left un- 
attacked by- the sulphur) may be 
attracted by the magnet but it will be 
very much Jess than before. The bulk 
of the iron is not attracted from the 
black solid and is not separated from 
the sulphur. 


Repeat the experiment. described 
opposite. Effervescence occurs again. 
Apply the following two tests to the 
gas: 

1. Smell very cautiously. The rather 
disgusting smell is similar to that of 
rotten eggs. 

2. Apply a lighted taper to the test- 
tube, The gas burns with a blue flame 
but without explosion. It is hydrogen 
sulphide. 


dec LC LIE ———RRÉ—————————————H——M— 


It is clear that the solid left after heating the mixture of iron and sulphur 
differs greatly in properties from the original mixture in several important 
respects... 

1. Before the heating, the.iron could be separated from the sulphur by 
physical methods. For example, by shaking with water, we took advantage of 
the physical property of density to separate the denser iron from the lighter 
sulphur; we also separated the iron from the sulphur by using its physical 
magnetic properties. In none of these experiments was any chemical action 
involved, but these physical methods could. not separate the sulphur from the 
iron after the mixture had been heated. Physical methods of separation were then 


useless. 
2. Again, in the mixture before heating, the two clements clearly exercised 
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^ their own independent properties. The iron was attracted by the magnet just as 
it would have been if the sulphur had not been present, Similarly, during the 
action of dilute hydrochloric acid on the mixture, the iron reacted with the acid 
exactly as if no sulphur were present, while the sulphur itself remained un- 

' changed. After the heating, however, the black solid left showed properties of 
its own. The iron was not attracted by a magnet, while the separate densities of 
the two elements were no longer available for use in their separation, The action 
of dilute hydrochloric acid gave an entirely different reaction, with evolution of 
hydrogen sulphide instead of hydrogen. So we see that during the heating the 
separate properties of the iron and sulphur were lost and the new properties of 
the black solid, iron(II) sulphide, appeared. T 4 

The reason for this difference is that before the heating the two elements were 
simply mixed together, while during the heating they underwent chemical 
combination, forming the compound iron(IT) sulphide. As a result of this 
change, the elements were united by a chemical link or bond instead of being 
merely close together in space. The nature of this bond has been the object of 
much speculation, and it is now known to be electrical (see Chapter 9). 

3. Another characteristic difference between physical mixing and chemical 
combination is apparent from this experiment. During the mixing of the iron 
and sulphur in the mortar, no change was observed except a kind of averaging 
of the colours of the two elements so that the mixture had a colour between 
the grey of iron and the yellow of sulphur. During the chemical combination, 
however, enough heat was given out to raise the whole mass to a bright red 
iw once the action had been started by the external application of heat. 

ical combination is often accompanied by heat changes of this kind, but 
physical mixing is not. à 
4. A further end most important difference between mixtures and chemical 


compounds is that the composition of a compound by mass is fixed and un- 
alterable, while that of a mixture may vary within wide limits. For example, 
pure iron(II) sulphide always contains the iron and sulphur in the proportion of 
56 g of iron to 32 g of sulphur, and no variation from this proportion is ever 
found. Mixtures of iron and sulphur may, however, have any desired com- 
position. 


These differences between compounds and mixtures are summarized in the 
table’ below. 


Mixtures 


(a) The constituents can be separated from 
one another by physical methods. 


(b) Mixtures may vary widely in composi- 
tion. 7 


(c) Mixing Is not usually accompanied by 
externa! effects such as explosion, 
evolution of heat, or volume change 
(for geses). 


(d) The properties of a mixture are tho sum 
of the properties of the constituents of 
the mixture, 


Compounds 


The constituent elements cannot be sopar- 
sted by physical methods; chemical resc- 
tions ara necessary. 


Compounds are fixed in thelr compositions 
by mass of olements present. 


Chemical combination ts usually accom- 
penled by one or moro of these effects. 


Tho properties of s compound iri peculio 
itself ond are usually quite different from 
those of its constituent elementa, 


cd oc 2r xSCEEEECLLGIL o0 ooo ru oce c AN 
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Separation of mixtures 


One of the distinctive characteristics of a mixture of substances is that it is 
usually possible to separate the constituents by physical means. There are a 
great many different physical methods used to separate a wide variety of mix- 
tures, and the particular method employed for any given mixture depends upon 
the nature of its constituents, The following experiments illustrate some of the 
methods in wide use. ] 

C 

Experiment 7 

The separation of a mixture of salt and sand 

EMIL a a ee a dL MlLLKL LAM. 


You will be provided with a mixture'of common 
Salt (sodium chloride) and sand, and approx- 
imately 10 g of this mixture should be placed 
in a 250 cm? beaker. To the mixture add dis- 
tilled water until the beaker is about one-third 
full. Place the beaker on a gauze, which itself 
Tests on a tripod, and heat the water until it 
boils. Whilst the solution is still hot, pour it 
through a filter paper in a filter funnel, collecting 


the solution passing through (which is known es 
the filtrate) in another beaker (Figure 1). Note 
that the sand remains in the filter paper, and it 
may be washed and dried. 

When filtration is complete transfer the fil- 
trate to an evaporating basin which is then 
heated on a steam bath; a suitable form of 
steam bath is shown in Figure 2. Continue to 
heat the evaporating basin on the bath until all 


the water has evaporated from the basin. 
Examine the colourless crystals of salt which 
remain. D 


hot solution. 


residue of sand 


filtrate : salt solution 


Figure 1 Figure 2 


Experiment 7 represents a simplified laboratory version of what happens on an 
industrial scale when common salt is obtained from ‘rock salt’, a mixture of 
salt and sand. The process depends upon the fact that whereas salt is soluble in 
water, sand is not. Therefore when the mixture :s heated in water, the salt 
dissolves to form a solution (substances tend to be more soluble in hot water 
than in cold water) whereas the sand remains as a solid. The process of filtration 
i5 designed to separate solids from the solution in which they are suspended, and 
in the above e»periment the sand remains in the filter paper, which can be 
rémoved from the filter funnel and dried. 

The second process involved in the experiment led to the recovery of the salt 
from the solution: this process is generally known as crystallization (see page 
270). The purpose of the steam bath is to ensure slow crystallization of the salt; 
direct heating of the evaporating basin with the burner would result in the sait 
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jumping out of the basin due to overheating at the stage when the water has 
almost completely evaporated — a phenomenon known as decrepitation. 

This experiment has employed several techniques: 

(a) solution and filtration, which can be used generally to separate an insolu- 
ble substance from a soluble one; and 

€. crystallization, which is used to obtain a soluble salt from its solution. 


SSS ——Á nnd 


Experiment 8 
The separation of a mixture of iodine and common sare 


This experiment should be carried out in a fume 


5 violet colour of iodine vapour will be seen, and 
cupboard or near the window. 


careful examination of the top of the test-tube 

Take a spatula measure of a mixture ofiodine — should reveal a black deposit of iodine. Continue 
and common salt in a long test-tube, and heat the heating until the solid at the bottom of the 
it gently over. a low flame. After a time the tube becomes almost colourless. 


In the case of the mixture of iodine and common salt, both of which are at 
least partially soluble in water, the process of solution and crystallization des- 
cribed in Experiment 7 is clearly unsuitable. It will, however, be obvious that the 
two substances in the mixture behave rather differently when heated, and it is 
this difference which forms the basis of the method of separation. Whereas the 
common salt remained in the solid form when heated by the burner under 
laboratory conditions, the iodine turned into a vapour which was easily detected 
by its violet colour. At no time was it possible to observe /iguid iodine; this is a 
fairly unusual property, since most solid substances when heated to a high 
enough temperature change first of all to a liquid, and then to a vapour. Substances 
such as iodine, which pass straight from the solid state to the vapour state when 
heated, are said to sublime, and the phenomenon is known as sublimation. An 
important feature of this separation technique, however, is that the change from 
solid to vapour is easily reversible. Thus the iodine vapour condensed to iodine 
solid near the top of the test-tube where the temperature was much lower than 
that at the heated end. It is therefore possible to scrape out the solid iodine from 
the top of the tube before the common salt is emptied out, and a complete 
Separation has been carried out. 

Since the phenomenon of sublimation is fairly uncommon, the technique is not 
of wide application; some other substances which sublime when heated are 
anhydrous aluminium chloride, anhydrous iron(II) chloride, benzoic acid, and 
ammonium chloride. 

Most inks consist of soluble dyes in water, and in order to obtain a sample of 
pure water from the mixture use is made of the fact that the temperature at 
which water boils is very much lower than that at which the dyestuff boils. 
Hence, if a mixture of dyestuff and water is heated, the water will boil first 
and will escape from the mixture as steam. This is what happened during the 
latter stages of the recovery of salt from brine (Experiment 7), a process known 
as evaporation. In that particular experiment the steam was allowed to escape 
freely into the atmosphere, since we were primarily interested in obtaining a 
sample of the salt, In Experiment 9, however, we wish to obtain a sample of the 
first, liquid which boils from the ink, and therefore we use the apparatus illus- 

trated in Figure 3, where the colourless liquid not only evaporates from the 
mixture, but is also subsequently condensed to the liquid state and collected. 
This process is known gencrally as distillation, and the liquid collected is called 
the distillate. 
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Experiment 9 
The separation of pure water from ink 


Into a 100 cm? filter flask, fitted with a delivery 
tube to its side arm, place about 10 cm? ink thermorneter 
solution and insert a rubber bung carrying a 
thermometer (Figure 3). It is important that the 
bulb of the thermometer is situated opposite the 
side arm as shown. The delivery tube leads to an 
opentest-tube clamped in a beakerof cold water. 

With the very small flame, heat the ink solu- 
tion carefully, making certain that the solution 
does not froth up to the top of the filter flask. 
When the solution is boiling, note the steady 
reading on the thermometer and look for the 
appearancs-c* drops of colourless liquid in the 
test-tube. Continue to heat the solution until 
about 3 or 4 cm? of liquid have been collected in 
the test-tube; do not continue to heat until all 
the liquid has been transferred from the flask to 


the test-tube. 
Figure 3 


In the case of Experiment 9 the distillate was a colourless liquid, and the 
observation that the reading on the thermometer during the distillation process 
was approximately 100 °C (373 K) leads us to speculate that the liquid may be 
water, In order to confirm that the liquid is water it will be necessary to carry out 
further tests on it, such as determining its freezing point and density. 

The process of distillation may be used to separate a liquid from a solution, 
or to separate two liquids whose boiling points differ by an appreciable tem- 
perature interval, Thus it is possible to separate a mixture of methylbenzene 
(toluene) and benzene, which are completely miscible (that is, form a clear solu- 
tion when mixed in all proportions) and whose boiling points are 110 °C and 


80 °C respectively. 
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The apparatus usuelly employed to separate mixtures of liquids is different 


from that used in the simple distillation process in Experiment 9, and it is illus- 
trated in Figure 4, Between the flask containing the liquid mixture and the vessel 
collecting the distillate there is a specially designed piece of apparatus, known as 


a Liebig condenser (after its inventor), 
condensation of the vapour from the 


the purpose of which is to bring about the 
flask in a more efficient manner than was 


possible in the simple apparatus of Figure 3. Cold water is continuously passed 
up the condenser against the flow of hot vapour from the flask, thereby creating 
a permanent cold surface on which the vapour can condense to liquid. 

Although this method is more efficient then that of Experiment 9, it is stiil 
difficult to separate mixtures of liquids whose boiling points differ by only a few 
degrees, or to obtain the individual components of a mixture containing many- 
substances. A further refinement in technique which enables such problems to 
be resolved consists of the use of a fractionating column, which is described in 


Chapter 23. 


Even for mixtures of liquids whose boiling points differ by an appreciable 
temperature interval, it may not be possible to bring about a complete separa- 
tion of the components, in spite of refinements such as a fractionating column. 
Thus, no matter how many times a mixture of ethanol and water is distilled, it is 
impossible to obtain a sample of ethanol (boiling point 78 °C) completely free 
of water. The most efficient industrial still can deliver a distillate which is 96% 


alcohol, but no more. 


——— ÉLELLLALLLIÉLIZLIZCEXDRE 


Experiment 10 


The separation of the components of black ink 


CC es Pia S oan ee Unus 


Lay a filter paper of fairly large diameter over the 
top of a beaker, as illustrated in Figure 5. 


glass rod 
fen eA 


filter paper beaker 


Figure 5 


Using the end of a glass rod which has been 
drawn out to a fine tip, carefully transfer soveral 
drops of black Ink from the ink bottle to the 
centre of the filter paper, making certain that the 
spot of ink does not grow too large: Allow the 
ink-spot to dry between each application. 
About half a dozen transfers will be sufficient. 

Using a teat pipette apply a drop of solvent 
(propanone or ethanol would bo suitable) to the 
ink spot and observe what happens as the 
solvent spreads out from the centre of the 
paper. When the paper is dry, repeat the 
procedure several times. 


5 ae 


It will be quite obvious from the appearance of the filter paper at the end of 
the experiment that the black ink consists of a number of different coloured 
substances mixed together, which have been separated into a series of concentric 
bands by the solvent as it spread outwards from the centre of the paper. This 
phenomenon is known as chromatography, a word derived from the Greek 
‘chromos’ (meaning colour) because it was first observed in connection with the 
separation of the various coloured pigments present in leaves. Chromatography 
is a means of separating the constituents of a mixturc by taking advaplage of 
their different rates of movement (in a solvent) over an adsorbent medium. For 
cach constituent, the rate of movement depends on the relative affinities of the 
constituent for the solvent and for the adsorbent medium. In the experiment 
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above, the adsorbent medium is filter paper and the solvent is propanone or 
ethanol. The coloured band furthest from the centre of the filter paper contained 
the substance which was the least strongly adsorbed, and that remaining in the 
centre of the filter paper contained the substance most strongly adsorbed. 
Chromatography can be used for mixiures other than those which are 
coloured, provided that the separated substances are capable of being iden- 
tified in some convenient manner. For example, the paper may be examined in 
ultra-violet radiation which may cause fluorescence and so indicate the position 
of the substances, or the paper may be sprayed with a reagert which develops 
different colours according to the substances present (see Chapter 28). If desired, 
areas of paper on which separated substances have been detected may be cut 
out and subsequently stored, either as they are or dissolved in the solvent, as 
reference materials for future analysis. Two advantages of chromatography 


. are that it can be performed with very small masses of material, and that the 


substances are not destroyed in the process. 
In standard chromatography, rectangles of filter paper about 22 cm by 5 cm 
are usually used. A spot of solution containing the mixture under investigation is 


Figure 6 


placed near the middle of one of the short ends of the filter paper and about 3 
cm away from the end. Then the spot is allowed to dry. The paper is then sus- 
pended vertically with the spotted end immersed in the solvent but thc spot well 


- "clear of the liquid level. The whole is enclosed by a covering vessel to prevent 


loss of solvent (Figure 6). The chromatogram wiil then develop as the solvent 
rises up the filter paper. Spots of the v: rious constituents of the original mixture 
will collect, at different distances along a vertical line, above the original spot. 
When the ascending front of solvent is ¢pproaching the top of the paper (usually 
eight hours or more after the start), the paper is removed and dried, It can then 
be examined in various ways to locate the spots of material left and to identify 
their contents. . 

To secure better separations, the following device may be used. A square 
piece of filter paper is employed and a chromatogram is developed from a spot 
of material near one corner of the paper. This gives spots of separated materials 
along a line, as described above. The paper is then dried and a second chroma- 
togram is developed, by using the same piece of paper at right angles to its former 
position and with a different solvent. Spots of material will then be found, after 
drying, much more widely spread ovey/ most of the surface of the paper. 

Since the invention of cliromatography as a separation technique at the 
beginning of the century, many applications have been found in a wide variety 
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of fields, and, in one form or another, chromatography is one of the most widely 


used of all separation processes. Several of these applications wil! be desoribed 
later in the book. 


Pure substances 


The Separation techniques described above, together with a range of others 
which you will come across in the study of chemistry, are used primarily for the 
preparation of chemical substances in a pure state. It is not always a simple task, 
however, to find out whether or not a substance is pure; for example sea water 
looks like pure water, impure naphthalene has the same smell as pure naphtha- 
lene (the smell of ‘moth balls’), and a piece of wire made of pure copper feels the 
Same 2s one made of a copper alloy. It seems that the human senses are inadequate 
for deciding how pure a substance is, and in practice more scientific tests are 
applied. Since under the same conditions of temperature, pressure, and surround- 
ings a pure substance always possesses a set of properties which are unique to 
that particular substance, and which may be reproduced at any time, certain 
characteristics of the substance are chosen by which the degree of purity of the 
sample may be determined. Among these characteristics are the melting point 
and density for a solid; boiling point, density, and refractive index for a liquid; 
anda variety of complex properties for gases. We have already noticed that the 
Separation, or purification, techniques described above do not always lead to a 
completely pure substance as the end product, and industrial manufacturers 
'spend a great deal of money each year in attempting to devise ways in which 
such techniques can be made more efficient. For this reason manufacturers of 
cheraicals usually state the degree of purity of a substance on the label of the 
bottle in which it is contained. Examine the labels on some of the bottles in your 


laboratory. 


Questions 


1. What are considered to be the main dis- 
tinctions between a chemical compound and 
a mixture? Explain why the liquid obtaincd 
by mixing sodium chloride with water is not 
regarded as a chemical compound. (O 
and C.) 


2. When a piece Of sodium is placed in 
water it diminishes in size gradually, and 


finally disappears. In what way is the dis- ` 


appearance of the sodium different from thc 
ordinary process of solution in water? Give 
experiments in support of your views. How 
could metallic sodium be recovered from the 
liquid? (J.M.B.) 


3. Give two important differences between a 
mixture and a compound. D ES ibe and ex- 
plain experiments ^h you could 
obtain: (a) nitrogen from a mixture of nitro- 
gen and hydrogen; (b) nitric acid from a 
mixture of concentrated Nue peniphasi 
ids; (c) sodium chloride ix: 1 
T ammonium chloride, and 
and. (A.E.B.) 


1. Describe briefly how you woul.separate 


a pure sample of the first-named substance 
from the impurity in each of the following 
mixtures: (a) iron turnings contaminated 
with oil, (6) sodium chloride crystals con- 
taminated with glass, (c) hydrogen sul- 
Phide contaminated with hydrogen chloride, 
(d) water contaminated with copper(I) 
sulphate (cupric sulphate), (e) copper powder 
Guanes with magnesium powder. 


5. Outline how you would separate the first- 
named substance from the mixture in each 
of the following cases: (a) pure water from 
Sea water, (b) the orange dye from the blue 
dye which together form black ink, (c) pure 
Copper(If) sulphate (cupric sulphate) from a 
DE contaminated OM E i 
of sodium sulphate, pure 

alcohol (ethanol) from whisky. GM) > yl 


6. Describe, with the aid ot a di; 

you would determine the bola iam. ROW 
liquid found in a bottle whose Jate] ig ton 
a how your procedure woul 

you (e) to den viet Lig noble 


(b) to identify the liquid by means of (i) a 
table of boiling points, (ii) a supply of known 
liquids whose boiling points are very close 
to the value you have determined. 

What day-to-day changes in leboratory 
conditions would you have to take into 
account? (C.) 


7. A mixtüre containing benzene, boiling 
point 80°C, and toluene (methylbenzene), 
boiling point 111 °C, is amongst the products 
of the thermal decomposition of coal. 

Explain, with the aid of a diagram, how 
you would obtain samples of benzene and 
toluene by fractional distillation of. the 
mixture, t x 

"Name one crystalline solid which is 
soluble in benzene, and one crystalline solid 
which is insoluble in benzene. (S.) 


8. Itis required to separate a mixture of three 
solid dyes; one red, one yellow; and one blue. 
The following facts are known about the 
dyes. The blue aud yellow dyes are soluble 
in cold water, while the red dye is insoluble. 
When an excess of aluminium oxide is 
added to a stirred, green aqueous solution of 
the mixed blue and yellow dyes and the 
aluminium oxide is filtered off and washed 
with water, it is found that the solid residue 
is yellow and the filtrate blue. When the 
yellow solid is stirred with ethyl alcohol 
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(ethanol) and the mixture filtered, the solid 
residue is white and the filtrate yellow. 

Describe how you would obtain dry 
samples of the three dyes. (J.M.B.) 

9. What is the essential difference between a 
chemical and a physical change? 

Indicate clearly the chemical and physical 
changes involved in the following processes, 
giving full reasons in each case: (a) the 
addition of metallic sodium to water; 
(5) the solution of sodium chloride in water; 
(c) the heating of magnesium in air; (d) the 
heating of ammonium chloride; (e) the addi- 
tion of water to concentrated sulphuric 
acid. (L.) 

10. Describe the experiments you would 
carry out in seeking to determine whether a 
given white powder is a pure substance or a 
mixture..1f the substance is a pure chemical 
compound, how would you propose to 
ascertain whether it is (i) a salt, (ii) a basic 
oxide, or (iii) a peroxide? (J.M.B.) 

11. Illustrate three differences between 
metallic and non-metallic elements by 
reference to the properties of iron and sul- 
phur. Describe three tests by means of which 
you would prove that the compound, iron(II) 
sulphide, formed by heating a mixture of 
iron filings and sulpbur, differs from the 
original mixture. (J.M.B.) 


2 Atomic Theory 


We have seen in the last chapter that there are about 100 kinds of simple matter 
called elements, and that all other kinds of matter have been formed by the 
chemical combination of two or more of these elements. The ancient Greek 
thinker, Democritus (about 400 p.c.), began speculations about the structure of 
matter, the Roman Lucretius (about 350 years later) took up the question, and, 
following these two ancient philosophers, there has appeared a succession 0 

thinkers, European and Arabian, whose speculations culminated at the begin- 
ning of the nineteenth century in the ideas of an Englishman, John Dalton, 3 
Manchester schoolteacher. His suggestions won universal acceptance for them- 
selves and lasting scientific fame for their author. 


Dalton 


Dalton's lifetime abounded in famous names and exciting happenings - the 
French Revolution, Austerlitz, Trafalgar, Nelson, Napoleon, Wellington, 
Waterloo — but the thoughts of this Quaker, slowly maturing as he pursued an 
obscure, and uneventful existence, have proyed more potent in their influence 
on human modes of living in the succeeding century than all the wars and alarums 
of his day. His Atomic Theory is the foundation of modern chemistry. 

Dalton’s love of precision and truth is illustrated by the following story 
concerning him. Dalton had given a course of lectures, and at the end a student 
came to him with the request for a certificate of attendance. The great chemist 
looked up his records and found that the student had missed one lecture during 
the course. Dalton refused to sign the attendance certificate, but, after consider- 
ing a few minutes, he said, ‘If thou wilt come tomorrow I will go over the lecture 
thou hast missed.’ Having quietened his conscience in this manner over the 
missed lecture, Dalton presumably signed the certificate. 


ideas about atoms 


You will haye seen, from the work of the last chapter, that, if ordinary powdered 
sulphur is mixed with water, it docs not dissolve and can be removed by filtra- 
tion. That is, the sulphur particles are too large to pass through the pores of the 
filter paper. If, however, we dissolve sulphur in carbon disulphide and filter the 
liquid, filtration does not separate the sulphur. That is, the sulphur particles are 
now small enough to pass through the pores of the filter paper. 

If sulphur is very finely ground and mixed with water, filtration does not re- 
move all the sulphur. Some is fine enough to remain permanently mixed with the 
water in what is called a colloidal solution. Whon this liquid is examined by the 
ultra-microscope, it can be seen that sulphur particles are in rapid random 
motion, which continues indefinitely at room temperature. This motion is now 
known to be caused by collisions between the minute sulphur particies and 
particles (molecules) of water. The movement is shown by ail colloidal particles 


| 
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in water. It was first observed (1827) by the botanist, Brown, for particles of 
pollen in water and is known as the Brownian movement. 


Experiment 11 
Brownian movement in liquids 


(A eye On to a microscope slide place a very small drop 
of colloidal grapnite (sold commercially as 
'Aquadag'), and very carefully add distilled 

water gradually from a fine teat pipette, stirring 
continuously until the solution is almost colour- 

less. Place a cover slip over the solution and 

examine the slide through a microscope; illumin- 


microscope ating the solution from the side as illustrated 
in Figure 7. By using a faily high-power 
objective lens in the microscope it is possible to 
solution between observe the irregular movement of the graphite 
cover slip and slide particles. ‘ 
“source lens microscope stage 
Figure 7 


Hypothesis and theory 


The idea that elements are capable of being split up into very tiny particles was 
first evolved by Greek and Roman.thinkers from another angle. They said that 
if we were to take a piece of, say, gold and cut it up into small pieces, and cut 
those pieces into smaller pieces, and those pieces into small pieces, and so on, a 
time would ultimately come when the dividing process would have to stop. The 
tiny particles of gold which we had then obtained would be incapable of being 
divided any further; they would be the smallest possible particles of gold which 
could ever be obtained. The Greeks gave them the name ‘atoms’. As a temporary, 
though incomplete, definition of an atom we may say that it is the smallest, 
indivisible particle of an element. 

The idea that elements are made up of atoms is called the atomic theory. 
This word *theory' does not often mean very much to a beginner in Chemistry, 
so let us be quite clear about it., A scientific theory is a scientific idea which was 
thought of by somebody, suggested by him in a scientific book or journal, and 
accepted by other scientists after due consideration, ‘So-and-so’s theory’ means 
*So-and-so's accepted idea’. The process of getting an idea accepted may be a 
long one; there will be arguments, objections, testing by experiments, improve- 
ments of the idea, but, if it finally wins acceptance by scientists generally, it will 
be called 4 theory. When the idea is first put forward, and is still in the 'argument- 
and-objection’ stage, it is called a hypothesis; later, if. generally, accepted, à 


theory, D TE 
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Dalton's Atomic Theory 


Dalton's Atomic Theory was first put forward in 1808. It soon gained general 
acceptance and then stood, virtually unchanged, for about a century. Discover- 
ies made early in the twentieth century, however, showed that the theory must be: 
modified. For this reason, the Atomic Theory will first be considered in its 
original, nineteenth century form; the changes made in it will be mentioned r 
later, in Chapter il. 

The Atomic Theory, we have seen, goes back to the Greeks, yet we alway 
speak today about Dalton’s Atomic Theory. There is good reason for this. The 
reason is that, while the Greeks put forward the idea that atoms exist, they, did 
no more. They left the idea vague and untested. Dalton changed this vague 
imagining into a set of concrete suggestions about atoms which could be feted 
by experiment. This change from vagueness to precision and experimen al test 
justifies his claim to the theory. The ideas which together make up the Atomic 
Theory of Dalton (1808) are as follows. 


/ 


1. Matter is made up of small, indivisible particles called atoms. 

2. Atoms are indestructible and they cannot be created. 

3. The atoms of a particular element are all exactly alike in every way and are 
different from the atoms of all other elements. 

4. Chemical combination takes place between small whole numbers of atoms. 


These ideas are so important that we shall discuss them morc fully in turn. 


Matter is made up of small, indivisible particles called atoms 
Although the idea that all matter is composed of extremely small particles has 
been recognized for a very long time, it is quite a difficult task to verify this 
assertion since with even the most powerful microscope available we are unable 
to observe the particles directly. We therefore rely on indirect evidence; that is, 
the existence of such particles can be inferred from the results of certain ex- 
periments. 


NEQNE E a ETC a eT ane rcd 


Experiment 12 f \ 
cho diffusion of coloured crystals in solution 


= d P fifteen minutes observe closely what 
i a conical flask with water and ten to fifteen soly 7 

Half ea i a deeply coloured salt happens within the flask. After this period of time 

drop DE permanganate OF ammonium di- swirl UIDES of the flask gently and note 

E crystals are suitable). Over a period of any significant changes. 

ci 


: ]line substance spreads th; 
ervation that the colour of the crystal s rough- 
Tae Oole of the solution can be explained only by suppose that the solid 
m f extremely small particles, for if the crystal was thought to be com. 


sists O! 4 E a henoment "A. 
rer) of one continuous piece of material then the P on of diffusion 


“spreading out’) would not be possible. j “ 

(or P also takes place between gases, as can geadlly br verified (y the 
Diffus her) by placing a few drops of liquid bromine a! ottom of a gas. 
class teac f which is placed a cover giass (Figure 8). After some time the colour 
jar on top 0" e will be seen in the upper part of the peat , a spite of the fact 
pe vapour is much denser than ait- Again, PM e assuming i 

that bromi is composed of particles can this observ: explained 


p — 


Atomic Theory 19 


(a) 
liquid bromine at 
bottom of gas jar 


(b) 
diffusion of bromine vapour 
after a period of time 


Figure 8 


It is clear that if matter is composed of particles then they must be extremely 
small. Although it is very difficult to visualize the size of an atom, some idea of 
how small it is may be gained through the following experiments. 


Experiment 13 


Dilution of a solution of potassium permanganate 


You will be provided with a solution of potassium 
permanganate which contains 1 g of the salt 
in 1 dm? of solution. Using a measuring cylinaer, 
take 10 cm? of the solution-and-place it in a 
100 cm? beaker. What is the mass of potassium 
permanganate in the beaker? Now pour water 
into the beaker until it is full and stir or swirl. 
You will have diluted the potassium perman- 
ganate solution ten times, but the whole solu- 
tion still contains the same mass of salt as did 
the 10 cm? of original solution. 

Using the measuring cylinder once again 
remove 10 cm? of the diluted solution from the 
beaker and pour it into a second 100 cm? 
beaker. Then fill up the second beaker with 


water as before and note the decrease in the 
intensity of the colour. What is now the mass 
of potassium permanganate in the second 
beaker? 

This procedure should be repeated (10 cm? 
of solution diluted to 100 cm? in a separate 
beaker) until the colour of the solution is so 
faint that it is only just visible. 

Make a note of the number of times it is nec- 
essary to dilute the solution before the colour 
disappears, and on the basis that each time a 
dilution is performed one-tenth of the previous 
mass of potassium permanganate is removed, 
calculate the mass of salt in the final beaker, 


Since the solution in the final beaker is coloured then it may be assumed that 
it conizins at least one particle of potassium permanganate (in fact it still con- 
tains a large number!) and therefore the calculated mass represents the maximum 
for the putassium permanganate particle. 


oil particle 


oil layer 
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It is clear that Experiment 13 gives only a very approximate idea of the size 
of atoms, and a more accurate estimate can be made by the following method. 
The principle upon which the experiment depends is that when a drop of oil is 
allowed to come into contact with a water surface, because the two liquids do not 
mix (they are immiscible), the oil spreads out until it is one particle thick all over; 
this is illustrated in Figure 9. : 

Any method by which the thickness of the oil layer can be measured will 
therefore give a direct measure of the thickness of a molecule of oil. 


D——————————————€Ó(—ÓÁ P — —Á 


Experiment 14 
An estimate of the thickness of an oil layer 


P eo TM ge le rii ne Se 


Fill a clean shallow tray with water toa depthof solution from the teat pipette. This can be 
approximately 1 cm. Scatter a layer of talcum carried out by counting fifty drops of solution 
powder (flowers of sulphur or lycopodium from the pipette into a measuring cylinder and 
powder from a pepper-pot can also be used) reading off the total volume. 
lightly over the surface of the water. 

You will be supplied with a solution of an oil oil layer 
in petroleum ether (0.1 em? of the oil in 1.dm* of 
solution) and, using a teat pipette, one drop * 
of the oil solution should be placed on the water |. 
surface in the centre of the tray. The oil will ` 
spread out rapidly and at the same time the 
petroleum ether will evaporate, leaving a 
monomolecular layer (that is, a layer one mole- 
cule thick) of the oil which has pushed the 
powder to one side, thus making the area over |. 
which the oil has spread clearly visible (Figure © 
10). Make an estimate of the area of the oil 
layer; this can most conveniently be done by 
assuming that it either corresponds approxi- n 
mately to a circle, a rectangle or a square. It is 


not necessary to measure the area exactly. GOD, 
Before the experiment is concluded you vatansan 
should find out the volume of one drop of Figure 10 
Specimen results 
Volume of fifty drops of solution from teat pipette = 2.40 cm? 
Approximate area of oil layer 16 cm? 


Calculation 
(a) Volume of solution in one drop 
Volume of 50 drops of oil solution = 2.40 em? 


Volume of one drop of oil solution = Zi) cm? 


= 0.048 cm? 
(b) Volume of oil in one drop 
j dm? solution contains 0.1 cm* oil 


Y 4 0.048 
0.048 cm? solution contains 0.1 x 3000 cm? oil 


— 4,8 x 1076 cm? oil 
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(c) Thickness of oil layer 
Approximate area of oil layer = 16 cm? 
If the thickness of the oil layer is ? cm, then the volume of the layer will. be 
16 x t cm? 
16 x £ = 4.8 x 1075 


_ 48x 10-6 
ry 16 
—3 x 1077 cm 


Hence the thickness of the oil layer, and therefore the thickness of a molecule 
of oil, is approximately 3 X 10-7 cm. 


Even though the result of your experiment will certainly indicate how very 
small atoms and molecules are, the actual size of the oil molecule which you 
measured is fairly large compared with many other molecules and atoms! The 
diameter of an atom is of the order of 107° cm (a unit previously called an 
Angstróm unit). It is difficult to have any conception of the size of atoms, but 
Figure 11 may help you to understand how small an atom really is. 


One gramme of hydrogen liberated 
here and allowed to diffuse uniformly 
over the surface of the earth. 


This column of air (1 cm? cross- 
section), anywhere on the surface 

of the earth, would contain over 

100 000 of those hydrogen atoms. 
(It is assumed they are allowed to 
diffuse freely.) In other words, there 
are over 100 000 times more atoms 
in 1 g of hydrogen, than square 
centimetres on the whole of tha. 
surface of the earth. 


Figure 11 


Atoms are indestructible and cannot be created 


The important aspect of this idea is that, by chemical action, it is possible to 
alter only the state of combination of a number of atoms, not to reduce their 
number or add to it. If we start a chemica! reaction with, say, a thousand 
million atoms of hydrogen, then we shall finish that. reaction with exactly a 
thousand million, neither more ner less, They may have altered their state of 
combination — they may have become, for cxample, free hydrogen gas instead of 
being combined with oxygen ic, water- but the same number will be there. 
It follows that the totai number of atoms present at the end of a chemical 
reaction must be the same as the number present at the beginning of it, though 
they will be differently combined. That is, the tota! mass of the products of a 
chemical action should be the same as the total mass of the starting materials. 
Experiment shows this to be true and the situation is expressed in the Law of 
s- "*vation of Mass. 


16903 
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The Law of Conservation of Mass 


The Law of Conservation of Mass (or Indestructibility of Matter) 
states: Matter is neither created nor destroyed in the course of chemical 


action. 


Experiment 75 


An experimental test of the Law of Conservation of Mass* 


Into a conical flask put come silver nitrate 
Sciuiion and lower into it carefully by means of a 
thread a small test-tube full of hydrochloric 
acid. Insert the stopper (Figure 12). Place the 
flask on the pan of the balance and weigh it. 

Note that you have just weighed (besides 
those portions of the apparatus which are 
unchanged throughout) some water and silver 
nitrate and hydrogen chloride. 

Aiow wie two liquids to mix by tilting the 
flask a little, and you will observe a white 
precipitate of silver chloride whilst nitric acid 
will be formed in solution. Replace the flask 
on the pan of the balance and weigh again. 
You will find the mass is exactly the same as 
before. 

This time you were weighing (besides those 


portions of the apparatus which aic uncianged 
throughout) some water and silver chloride 
and hydrogen nitrate (or nitric acid). 


concentrated 
hydrochloric acid. 


Silver nitrate 
solution 


Figure 12 


As a result of many experiments similar to th; i i 
at described above, it always 
seems that although substances may undergo chemical changes, the ‘total ue 
of the products of the reaction is exactly equal to the total mass of the reacting 


substances. 


E = mc?, where E is the energy. 


» emission of energy during chemical 


e relation is expressed in Einstein's equation, 
» m the mass, and c the velocity of light (in 


appropriate units). In ordinary chemical changes, the accompanying energy 
changes are so small that their influence on mass cannot be detected by any 
weighing apparatus In common use. Nevertheless, the true conservation is one , 


of mass-and-energy together. 


* This experiment will work equally well with solutions of other substances, for instance 
barium chloride and sodium sulphate, barium chloride and dilute sulphuric acid, lead nitrate 
and potassium jodide, calcium nitrate and dilute sulphuric acid. 
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Apparent destruction of coal 


Experiment 15 may not seem conclusive to you because in it there seems little 
possibility of loss. If you consider the burning of coal, where only a small ash is 
left, it seems much more likely that the matter of the coal has been destroyed. 
The only real difference is that some of the reactants and products are invisible 


small amount 
of soot, ash 


Invisible invisible and other 


Invisible visible 
products 


oxygen coal water-vapour ^ caruez; “oxide 


total mass of this matter 


total mass of this matter = 
Figure 13 


all r^ 


gases, Actually there is no loss of matter ái 25i. 1? we could weigh ail the oxygen 
which burns the coal, and all the ash, soot, water-vapour, and carbon dioxide 
into which the coal is changed by the burning, we should again find that the 
total mass of the materials before the reaction was the same as the mass of the 


total products after it (Figure 13). 


The atoms of a particular element are ali exactly alike in every way 
and are different from the atoms of all other elements 


The most important point is that this statement includes in it the idea that all 
atoms of the same element are exactly alike in mass, but are different in mass from 
the atoms of any other element. The theory said that if we collected together, 
say, one thousand atoms of sulphur from all corners of the earth, every one of 
those atoms of sulphur would. be exactly the same as every other. The same 
would be true of any number of atoms of copper. But the mass of each sulphur 
atom would be different from the mass of each copper atom. _ 

Be sure you understand the universality of this idea. Consider, say, oxygen. 
Oxygen occurs in hundreds of thousands of compounds — water, sugar, massicot, 
copper(II) sulphate, alcohol, sulphuric acid, starch, and so on. If we were to 
collect one oxygen atom from each of these hundreds of thousands of com- 
Pounds, every one of those oxygen atoms would, said the Atomic Theory, be 
absolutely and completely alike. ] f 

It is clear that we could not test the theory in this way because the atoms are 
so small that we could not examine them or weigh thes even if we could 
separate them, However, it is obvious from their. differer . properties that atoms 
of different elements differ from one another. 

If atoms of the same element are all identical, it f ows that all pure samples 
of the same chemical compound must be ident 1 in composition by mass, 
however they are prepared. For example, sampies of black copper(II) oxide, 
containing one atom of copper and one atom of oxygen in each ‘molecule’, 
Should have the same composition by mass, irrespective of the sources of copper 
and oxygen. This can be tested by preparing copper(II) oxide in several different 
ways and analysing the various samples. Accurate experiment shows this ` 
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identity of composition in 


all the samples. The facts are stated in the Law of N 


Constant Composition (or Definite Proportions). 


The Law of Definite Proportions (or Constant Composition) 


The Law of Definite Proportions states: All pure samples of the same 
chemical compound contain the same elements combined in the same 


proportions by mass. 


An illustration of this law entails the performance of several experiments, in 
which copper(II) oxide is prepared by several different methods and the samples 


are analysed by reduction in a stream of hydrogen, or coal-gas, 


and shown to 


contain copper and oxygen in the same proportions. 


Mo A SERE; TOM zo ceo es MEET IEEE LL 


Experiment 16 


Preparation of the samples of copper(Il) oxide 


Sample A. Starting from copper. Place a little 
clean, pure copper foil in a large ‘crucible in a 
fume-chamber and carefully add concentrated 
nitric acid o little at a time until all the copper has 
dissolved. Srown fumes of nitrogen dioxide 
(poisonous) are seen and green copper(II) 
nitrate solution is formed, Evaporate the solu- 
tion to dryness, then heat the green solid 
copper(II) nitrate until no more brown fumes 
of nitrogen dioxide are evolved. The black 
solid left is the first sample of copper(I!) oxide. 
Store it in a desiccator to keep it dry. 

Sample B. Starting from copper(II) sulphate. 
Put some copper(I!) sulphate solution into a 
beaker and add excess of caustic soda solution. 
A blue gelatinous precipitate of copper(I!) 
hydroxide appears. Heat the beaker and its 
contents on a tripod and gauze by means ofa 


Experiment 17 
Analysis of 
copper by heating in hydrogen 


Weigh three clean, dry porcelain boats. Put into 
each boat 1-14 grammes of one of the three 
samples of copper(II) oxide, Weigh all the boats 
again, Put them into a hard glass tube and con- 
nectup the apparatus as shown in Figure 14. The 
tube must slope so that the end C is the lower. 
Turn on the supply of hydrogen, and pass the 
hydrogen for some time before lighting the jet D. 
Heat each boat in turn. Ail the samples of the 
oxide will glow and leave reddish-brown 
copper. The water formed by the combination 
of the oxygen of the oxide with the hydrogen 
condenses at C, where the tube is cooler. 
The end C is lower than the end A to prevent this 


Bunsen burner. The precipitate changes to 
black copper(II) oxide. Filter off. the black 
soiid, wash it several times with hot distilled 
water, and allow it to dry in a hot oven orona 
porous plate. E 

Transfer the oxide to a crucible and heat it 
with a burner to drive off the last traces of water. 
Store the oxide in a desiccator. 

Sample C. Starting from copper(II) carbonate. 
Place a little copper(Il) carbonate in a dry 
crucible and warm it gently. It decomposes. 
turning from green to black, and carbon dioxide 
is given off. (Test — a drop of lime-water on the 
end of a glass rod is turned milky. The milkiness. 
is caused by a precipitate of chalk.) Black 
copper(I!) oxide is left. After heating it for some 
time, put the oxide into a desiccator to keep it 
dry. 


the samples of copper(M) oxide by converting them to 


water from running back on to the hot part of the 
tube, which might be broken. When the action 
is complete, allow the tube to cool, keeping the 
gas stream passing so that air cannot enter and 
oxidize the copper again. When the boats are 
cdol, weigh all the three boats again. Work out 
the results as shown below. 

Within the limits of experimental error, the 
percentages of copper (and hence of oxygen) in 
all three samples of copper(I!) oxide are the 
same. It is found that, however samples of a 
given compound are prepared, they always 
contain the same elements in the same pro- 
portions by mass. 
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Figure 14 


— 


Specirnen results 


Sample A Sample B Sample C 
Mass of porcelain boat 3.01 g 2.50 g 270g 
Mass of porcelain boat and copper(I!) 
oxide 4.26 g 3.65 g 4.149 
Mass of porcelain boat and copper 4.02g 3.42 g 3.859 
Mass of copper 1.01 g 0.92 g 1.15g 
Mass of copper(I!) oxide 1.259 1159 144g 
3 4.01 x 100 0.92 x 100 1.15 x 100 
Percentage of copper in copper(II) oxide it 125 - Aa 144 
= 80.8 = 80.0 = 798 


em Lcd 


n small whole numbers of 


Chemical combination takes place betwee 


atoms 


It follows from the supposition that atoms are indivisible that they must edm- 


bine in whole numbers. Dalton made the additional assertion that these whole 
numbers are small. By this he meant that atoms commonly combine iu such 
numbers as 3 atoms of one element with | atom of another; or 2 atoms of one 
element with 5 atoms of another, or | atom of one <fement with | atom of 
another. Cases such as 67 atoms of one element combining with 125 atoms of 
another, or 322 atoms of one element with 27.atoms of another, were unknown. 
The numbers of atoms combining together arc almost always small, though, of 
course, in any one laboratory experiment there will be millions of exactly 
similar combinations taking place. 
We must now emphasize the fact 


that what has been stated above is a set of 
ideas. In science, ideas are treated with scant respect unless they can be backed 
up by experimental results, None of the statements made above can be tested by 
direct observation. We cannot line up a thousand oxygen atoms and inspect 
them to see if they are all alike, or count the number of hydrogen atoms which 
combine with one atom of oxygen to see if the number is small. We must deduce, 
from the Atomic Theory, some results which ought to follow from it, and which 
can be put to experimental test. 

If atoms combine in small whole numbers, the compounds formed from ele- 
menis with atoms A and B must be of the form: A,B,, AB, A2Bi. ABs, and 
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so on. From this it follows that the mass A of one clement may combine with 
the masses B, 2B, 3B, 13B, etc. of the other clement. But the mass A is a constant 
mass, because all atoms of a given element are identical. Similarly, the mass B is 
a constant mass. That is, the masses of B which combine with a constant mass of 
A in their various compounds should be in the ratio of 1: 2: 1/2: 3/2, which 
(multiplied by 2) is the ratio 2:4: 1 : 3. This is a ratio of small whole numbers. 
That is, if the atomic theory is true, the different masses of element B which 
combine with a fixed mass of element A are in a simple whole-number ratio. 


Experiment shows that these deductions are correct, The Law of Multiple 
Proportions expresses this. 


The Law of Multiple Proportions 


The Law of Multiple Proportions states: If two elements A and B 
combine together to form more than one compound, then the several masses 
of A, which separately combine with a fixed mass Gf B, are in a simple ratio. 

In order to demonstrate the Law experimentaily, we make use of the fact that 
Copper and oxygen form two oxides, copper(II) oxide, CuO, and copper(i) 
oxide, Cu5O. Pure samples of these two can be reduced in a current of hydrogen 


and the masses of copper which combine separately with, say, 100 g of oxygen 
in the two compounds, are calculated from the weighings. 7 


e 


Experiment 18 
A test of the Law of Multiple Proportions 

A AAE e WAY. eT 
Weigh two clean dry porcelain boats and weigh of dry hydrogen, as described in the last experi- 
them again containing samples of pure, dry, ment. When the samples are cool, weigh each 


copper(I) oxide and copper(II} oxide respect- of them in the porcelain boats. Below is a table 
ively. Reduce the oxides to copper ina stream of specimen results and calculations. 


Specimen results 
rra. AO ILS Some ir tcl ae Mg S LM 


Copper(!) oxide Copper (II) oxide 
: : Y c | 
Mass of boat 6.90g 7.30 g 
Mass of boat and oxide 9.75 g 9.20 g 
Mass of boat and copper 9.43 g 8.82 g | 
«s. Mass of copper 253g 1.52g 
«. Mass of oxygen 0.32g 0.38 g 
4. 0.32 g oxygen ^, 0.38 g oxygen 
is combined with is combined with 
2.53 g copper. 1,52 g copper. 
100 g oxygen are 100 g oxygen are 
combined with combined with 
2.53 x 100 Banus 1.52 x 100 
CCELI, t ECOLE 
0.32 . 9 COPP SB Ea CUBE 
— 790g = 400g 
=) 
This ratio is 2 : 1 within limits of experimenta! 
error 
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Hence the masses of copper which have separately combined (e., to form the 

two different oxides) with a fixed mass, 100 g, of oxygen are in the ratio 2: 1. 

The law could have been illustrated just as easily by fixing the mass of copper. 

If desired, the results of the above experiment can be expressed in the follow- 

ing way, given the relative atomic masses of oxygen and copper as 16 and 63.5 
respectively. (For mole, see page 45.) 


én copper(I) oxide 


0.32 
0.32 g of oxygen combine with 2.53 g of copper, so d6 moles of oxygen ator.is 


combine with as moles of copper atoms. That is, 0.02 moles of oxygen atoms 


combine with 0.04 moles of copper atoms, Że., the ratio of moles is 1 : 2, 


In copper(II) oxide 
ds 0.38 
0.38 g of oxygen combine with 1.52 g of copper, so 16. moles of oxygen atoms 


combine with i moles of copper atoms. That is, 0.024 moles of oxygen atoms 


coinbine with 0.024 moles of copper atoms, i.e., this ratio of moles is 1:1. From 
this, the numbers of moles of copper atoms which combine with one mole of 
oxygen atoms jn the two compounds are in a simple ratio to one another 
(2: 1). Since one mole of oxygen atoms is a fixed mass, this result agrees with the 
Law of Multiple Proportions. Also, the figures for mole ratios point to Cu;O 
and CuO as the simplest formulae for copper(I) oxide and copper(11) oxide 
respectively. They were formerly known as cuprous oxide Cu;O, the red oxide, 
and cupric oxide CuO, the black oxide. — 

The accuracy of the experiment described above depends on the purity of 
copper(I) oxide, a material extremely difficult to obtain in a pure state. 
Mercury(I) and mercury(1I) chlorides can both be obtained in a high degree of 
purity (Analar quality is used), and the following experiment may be performed 


as a class illustration of the law. 3 


Si Pew RH Ng Na 


Experiment 19 3 1 
A further illustration of the Law of Multiple Proportions 


Note: Mercury(Il) chloride is poisonous and 
9reat care must be taken in its Use. 

Weigh a boiling-tube, add two or three 
grammes or mercury(I) chloride, end weigh 
again. Add an equal mass of sodium hypo- 
Phosphite, half fill with water, immerse in a 
beaker of water, and warm. Repeat using 
mercury(Il) chloride, taking care to dis- 
tinguish between the two  boiling-tubes. 
After about 20 minutes, globules of mercury 
?'8 seen in each tube. Wash the mercury by 


decantation several times: with water (pouring 
the water into a beaker so that if mercury is lost, 
it may be retrieved), then with methylated 
spirit, and finally with ether. (Care/ Extinguish 
all flames in the vicinity.) Replace the tubes 
in the warm water for a minute to remove 
traces of ether, dry the outside, and weigh, 
Calculate the separate masses af chlorine 
associatea with, say, one gramme of mercury 
in each of the two chlorides, These masses will 
be in the ratio 1 : 2. 


Another law, the Law of Reciprocal Proportions, can also be Shown to follow 
from the Atomic Theory we are considering. 
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The Law of Reciprocal Proportions 


This is a fourth law which can be deduced from the Atomic Theory. It is ex- 
pressed in the statement: 


if an eiement A combines with severa! other elements, B, C, D, the masses 
of B, C, D, which combine with a fixed mass of A are the masses of B, C, 
and D which combine with each other, or simple muitiples of those masses. 


Like the Law of Multiple Proportions, this law can be derived from Dalton's 
assumption that combination takes place between small whole numbers of 
atoms, all the atoms of a particular element being identical. 

We have now obtained, from the Atomic Theory, certain conclusions which 
can be made the subject of experimental test. It is the magnificent achievement 
of Dalton to have been the first to state the Atomic Theory, deduce from it these 
conclusions suitable for experimental check, and show that the experimental 
results suppo:t the Theory. It is a piece of work which stamps Dalton as a 
Scientific genius of a very high order. 


Molecules 


` We have seen that the smallest possible particle of an element is called an atom. 
It is obvious that the smallest possible particle of a compound must contain at 
least two atoms because a compound must contain at least fwo elements and 
cannot contain less than one atom of each. To the smallest possible particle of a 
compound is given the name ‘molecule’. 

The word molecule has, however, a wider meaning than this. We have seen 
that the smallest possible particle of an element is called One atom of it, but it 
does not follow, necessarily, that single atoms are the only particles normally 
existing in a mass of an element, Actually most elements usually exist as a mass 
of more complex particles, consisting of a number of atoms associated together 
and moving as a single particle. To this more complex particle is given the name 
‘molecule’. The distinction between the atom and the molecule of an element is 
that ihe aom is the smallest Patiicie of it which can ever be obtained, and is the 
unit which is concerned in chemical reactions, while the molecule 1s the smallest 
particle of the element which is normally capable of a separate existence. 

Try to get this distinction quite clear; the atom is the smallest particle which 
can participate in chemical reactions while the molecule is the smallest particle 
Which can normally exist when the element is not concerned in chemical reaction. 


The atom is the smallest, indivisible particle of an element which can take 
| part in chemical change. 


|The molecule of an elenient 27 compound is the smallest parécle of it which 
[can normally exist separately. a 
+ ou 
Actually, most of ihe elementary gases consist of molecules each containing 
two atoms. The molecules of hydrogen, oxygen, nitrogen, and chlorine are all 
of this type; a proof of this statement cannot be given until we have dealt with 
the Molecular Theory more fully, but it will be found, applied to hydrogen, on 
page 109. This state of combination of the atoms is indicated by writing the 
molecules of these gasés as H5, O;, N3, and CL, meaning a single unit consisting 
of two atoms of each of the gases. (2H or 2Cl would mean two separate atoms 
of each of these gases, a condition in which they do not normaliy exist.) The 
number of atoms in a molecule of an element is called its atomicity. 
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the atomicity of an element is the number of atoms in one molecule of it 


A molecule containing one atom is said to be monatomic, e,g., He helium. 
A molecule containing two atoms is said to be diatomic, e.g., H,, O3, N2, Cl. 
A: molecule containing three atoms is said to be triatomic, êg., O; ozone. 

A molecule containing four atoms is said to be tetratomic, e.g., P; phosphorus, 
A molecule containing many atoms is said to be polyatomic, eg., S, sulphur. 


EN WERE 
999 r” e 
Tascu ef hydrogen, modos ol ozone, ines sates 
Figure 15 


Relation between scientific law and theory 


A scientific law is simply a generalized statement of observed facts. For example, 
in all cases examined, it has been found that the total mass of the products ofa 
chemical action is equal to the total mass of the original reagents, This result is 
assumed to apply to al? such cases and is generalized as the Law of Conservation 
of Mass. A scientific Jaw is subject to two possibilities of error, first, it is not 
possible to examine every last case of the operation of the law. Thgfe may be 
millions of them. Second, the law can be accurate only to the limjt of experi- 
mental error. A 

A theory is an idea put forward to explain the existence of on ur more laws, 
In the above case, the law is explained by a part of Dalton's Ato*nic Theory, i.e., 
the idea of the existence of atoms which can be neither creatsg. nor destroyed in 
Chemical action. Once a scientific law has been definitely, established it will 
usually stand for any relevant time, being well grounded ¿n fact. A theory put 
forward to explain the law may, however, be replace’ irom time to time as 
Knowledge increases. 


Questions 
1! State briefly Dalton’s Atomic Theory. Give the pame of the phenomenon you 
in Plain why the theory is named after him have described. (J.M.B.) 

spite of the fact that he was not the first T 
tO bri à ter consists 4. What do you understand by diffusion of a 
ordre Nard the idea that matter sis What oi ME Dd 


Describe experiments (one in each case) 


i Two plugs of cotton wool, one soaked in 
o eentrated hydrochloric acid and the 
tre T In à concentrated solution of ammonia, 
lased to seal the ends of a horizontal long 
nes tube. After a time a white ring forms 
en to one end of the tube than to the 
{ hea Explain the formation and position of 
cage’ Mite ring in terms of the movement of 
Ous molecules, (.M.B.) 


"avis Tibe the change you would see on 
n for Several days without stirring a 
ayer ora Which there is a layer of wate EU 

aturated co; 11) sulphate (cup! 
Ulphate) Solution. pper(1) sulpl 


to show: (i) that a dense gas or vapour can 
diffuse upwardsA(ii) that hydrogen diffuses 
faster than air. (ANE.B.) 


5. State (a) the Law ‘of Definite (Constant) 
Proportions and (5) the\Law of Conservation 
of Mass, 
Describe experiments by\which the Law of 
Definite Proportions can be\illusizated. 
What evidence do these la) provide for 
the atomic nature of matter? .E.B.) 


6. State briefly what is meant bj Browniais 


movement and explain its cause. (C.) ` 


Y 
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7. State the Law of Constant Composition 
(that is, Definite Proportions). You are re- 
quired to verify this law by using the black 
oxide of copper. and for the purpose vou 
are supplied with specimens ol copper(I) 
nitrate and copper(Il) carbonate. State 
clearly (a) how vou would prepare specimens 
of copper(II) oxide; (b) how you would use 
them to verify the law. (J.M.B.) 


8. A metal, X, forms two oxides, A and B. 
3.000 g of A and B contain 0.720 g and 1.160. 
g of oxygen respectively. Calculate the 
masses of metal in grammes which combine 
with one gramme of oxygen in each case. 
What chemical law do these masses of metal 
illustrate? Explain briefly. If the oxide B has 
the formula XO, what is the formula of 
oxide A? (O — 16.) 


9. Show that the following results obtained 
by the reduction of the two oxides of a metal 
are in agreement with the Law of Multiple 
Proportions. 


Tst 2nd 
compound compound 
Mass of boat 530g 445g 
Massoíboat-- oxide 13.859 13.05 9 
Mass of boat + meta! 12.12 g 12.08 g 


10. State the Law of Multiple Proportions 
and show how it is explained by the Atomic 
Theory. 

An element X forms two oxides containing 
77.47 and 69.62 per cent of X respectively. If 
the first oxide has the formula XO, what is 
the formula of the second oxide? (C.) 


11. State the Law of Multiple Proportions. 
Describe how you would attempt to verify 
this Jaw experimentally, if you were given 
specimens of lead(II) oxide (PbO) and 
lead(IV) oxide (PbO). Name one other pair 
of substances which you could use to verify. 
this law. (J.M.B.) 


3 States of Matter 


We already have evidence from the experiments described in Chapter 2 that 
matter is composed of tiny particles called atoms or molecules, and that these 
particles are in constant motion. We have not yet considered the reason why the 
same substance, say water, can exist in several different forms, for example as 
Solid ice, liquid water, and gaseous steam. It is easily shown that in each of these 
states the substance is chemically the same, and therefore it can be concluded 
that the particles which make up the three states of matter for any given sub- 
stance differ only in the manner in which they are arranged, and they are not 
different in kind. Most substances can be classified under one of the three states 
of matter — solid, liquid, or gas — under a given set of conditions, although it 
must be mentioned that there are a few substances for which it is difficult to give 
a definite classification into one of the three categories (among these are'the so- 
the aranuecof the Patines ot a em owe Wh 
aabeunes well e ce determine the properties that 

ce will possess, and particularly the state in which it is likely to be found 
under a given set of conditions, is known as the kinetic theory. 


Kinetic theory 


The Kinetic theory is so named because it deals with that property of the par- 
ticles which is so crucial to an understanding of the three states of matter, 
namely the motion of the particles. Because the particles are in constant motion 
they possess kinetic energy, which tends to keep the particles well spaced out in 
any substance. Thus, in terms of the kinetic theory, the gaseous state is one in 
which the particles are moving independently of each other in all directions and 
at great speeds; a typical speed for a molecule of nitrogen in air at ordinary 
temperature and pressure has been found to be approximately 500 m s^! (or, 
In about 900 miles per hour). Because the particles are travelling so quickly, and 
because there are an enormous number of particles in even the smallest volume 
of gas under everyday conditions, each particle collides with another with 
extremely high frequency; again, it has been estimated that a nitrogen molecule 
makes 10? collisions each second! Thus a gas will rapidly spread out to fill any 
container into which it is placed, and it cannot therefore be said to have any 


Shape of its own. 


SIT For a liquid, however, it is supposed that the particles are much closer together 

an in a gas, and they are held at such distances by forces of attraction which 
t bind them together. Such forces only become large enough to have the 
binding effec. when the particles come close to one another, and therefore the 
thearv nostulates ha! the particles of a liquid are fairly randomly arranged (as in 
a gas) but consis f ‘cuter’ in which they are very close together. This makes 
a liquid have a definite toiiuz?. but since the particles are still fairly free to move 
it does not have any characteristic spe. Thus a liquid takes up the shape of the 
bottom of the container in which it *s placed. 


ten 
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ue the case of a solid the particles have approached each other so closely that 
ae of attraction between them are very strong and free movement of the 
particles cannot take place. Thus in a solid the particles are arranged in a fixed 


m (b) 
solid state liquid state 


Figure 16 


pattern, and they form a /attice of vibrating masses. This makes a solid have a 
fixed shape, which can be altered only by applying strong forces. 

The difference between the three states of matter so far as the arrangement of 
the constituent particles is concerned is illustrated in Figure 16, 

Each of the three states of matter will now be considered in a little more 
detail, and the processes which take place when a substance in one state is 
converted into another state will be interpreted in terms of the kinetic theory, 


Solid state 


Substances in the solid state are made up of particles (atoms, molecules, or ions) 
which are packed so tightly together as to leave only slight unfilled space in the 
mass of solid. (Contrast the very wide separation of gas molecules.) The par- 
ticles are bound together by forces strong enough to prevent movement of 
translation so that a solid has a definite shape which remains fixed (in constant 
conditions) unless sufficient force is supplied to shatter or distort the mass. 
Particles in a solid may however show a certain amount of movement of 


vibration. 
Particles involved in the assembly of solid structures may be the following. 


1. Atoms : 
Non-metals may form crystals by exercising covalency (page 81) to combine 
together very large numbers of their own atoms. An example of such a solid is 
carbon as diamond, forming what is known as a giant covalent structure. For a 
full account of this, and of the spatial extension of the covalency of carbon that 
makes it possible, see page 91. 

Metals form solid masses in a different way. Their atoms can 


5 d y à ite readil 
part with valency electrons from their OR re NE CACY en, 
examples: outermost shells, as in the following 


Na -> Nat +e-; Cu—Cu?* 4 2e- 


The resulting positively charged 


: ions can th ` 
menti wiichidegendt on as en produce an ordered solid arrange- 


equilibrium between their repulsive forces on each 
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other and the binding effect of the electron cloud which moves, continually and 
at random, among them. See also metallic bonding (page 84). 


2. Molecules 

Many cases occur in which non-metallic elements form molecules by covalent 
combination, e.g., iodine as Iz. (For the similar formation of a molecule Cl, see 
page 81.) In appropriate conditions of temperature and pressure, the atomic 
nuclei of one molecule and the electrons of another molecule attract each other 
sufficiently to bring about a close approach. As the molecules come together, the 
electrons of each begin to exert repulsive forces on each othei. The forces of 
attraction and repulsion are balanced in the formation of a crystal. These van 
der Waals forces are, however, rather weak and the crystals tend to have low 
melting points. Simple-molecules of compounds, e.g., naphthalene, form 
crystalline solids by the operation of van der Waals forces in a similar way. For 
a further account of the iodine molecule see page 90. 


3. Jons 


When elements combine by exercising electrovalency (page 79), the resulting 
positively and negatively charged ions exercise powerful attractive forces on each 
other and can form a solid crystalline /artice. The arrangement of ions in such a 
lattice can usually be elucidated by X-ray diffraction. A well-known example 
is the lattice of solid sodium chloride formed from the ions Na* and Cl-; for 
this see page 80. Imperfect lattices sometimes occur. For example, in iron(11) 
sulphide, some of the iron positions may be unoccupied and this will cause the 
compound to deviate slightly from the Law of Constant Composition. 


Change of state — melting 


If solids are heated, their constituent particles, atoms, molecules, or ions, acquire 
greater kinetic energy and vibrate more violently. Eventually a point may come 
at which vibration overcomes the binding forces and the particles become 
mobile. The crystalline. structure then collapses and a /iquid state is reached in 
which the particles are free to move. The temperature, ¢ °C, at which this occurs 
is called the melting point of the solid and, at this temperature (and the prevailing 
pressure), the solid and liquid are in equilibrium. (Melting points are generally 
only slightly modified, j.e, lowered, by moderate increase of pressure.) The 
energy which must be supplied to convert the solid at ż °C to liquid at 7 °C is 
known as /atent heat of fusion. Quantitatively, for example, 334 joules of heat 
energy convert one gramme of ice at 0 °C to one gramme of water at 0 °C (at 
standard. pressure). If fairly simple molecules are only weakly bound together 
in crystals by van der Waals forces, the melting point of the crystals will be 
quite low, e.g» naphthalene C,H, 81 °C. In some cases, e.g., iodine, some 
molecules may break away from the crystal directly into the vapour phase. This 
is known as sublimation. If binding forces are strong, e.g., in lattices such as that 
of sodium chloride, or in some metallic crystals, melting points will be much 
higher, e.g., for sodium chloride, 801°C, and for copper, 1080 °C, though 

Ehe eb | melts at only 97 °C. When diamond is heated in vacuo (to prevent 
sodium n not melt because the forces of covalency between the atoms are 
burning), it docs by vibration with any ordinary source of heat. At very 
too great to be overcome by toms will break away, but by sublimation into 
high temperature some carbon ai k 


` the gaseous state, not by melting. 
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Experiment 20 A 

Determination of the melting point of a solid 


The melting point of a solid (for example 
naphthalene or benzoic acid) rnay be deter- 
mined using the apparatus shown in Figure 17. 

A thin glass melting point tube about'4 cm 
long (which can be drawn out from ordinary 
glass tubing) is touched into a Bunsen fiame 
to seal one end. When it has cooled, a little of 
the finely powdered solid is scooped into the 
open end and tapped down to the bottom of the 
tube to make a 2—3 mm layer. The tube will 
adhere to the thermometer by the surface 
tension effect of the liquid in the flask and the 
test material should be as close as possible to 
the thermometer bulb. The beaker containing 
glycerol is gently heated with continuous stir- 
ring and the melting point tube is carefully 
watched. At a certain point, the solid will be 
seen to melt and the correspending temperature 
(melting point) is immediately read. 


thermometer [ 


Figure 17 } 


A pure solid will melt completely over a very narrow temperature range (less 
than 0.5 °C). Impurity depresses the melting point and usually causes gradual 
softening instead of sharp liquefaction. To melt sharply at its recognized melting 
Point is good evidence of purity for a known solid. 


Liquid state 


It has already been mentioned that, when the particles which make up a solid 
acquire sufficient energy by heating, they become mobile, ie., the solid melts 
and forms a liquid. The particles remain close together by virtue of the attractive 
forces between them but are perpetually in random motion. A liquid spreads to 
fill a containing vessel as far as possible but leaves a level liquid surface if the 
capacity of the vessel exceeds the volume of liquid. This occurs because the great 
majority of particles (usually molecules) at the surface are held by attraction 
from the mass of particles below them; only relatively few particles of liquid 
(those with more than average energy) can escape. ; 

Because of the perpetual random motion of particles, usually molecules, in a 
liquid, very small particles of insoluble solids are kept in similar random motion 
in liquids because they are continually and unevenly bombarded by molecules 
of the liquid. This is the cause of Brownian movement (see page 17). 

An ionic liquid is obtained when a crystal lattice of an electrovalent solid 
(page 79) breaks down by the action of heat, but the temperature required is 
usually far above room temperature, e.g., for K*Cl-^, 768 °C. An ionic liquid 
is an electrolyte (page 149), j.e., it conducts electric current by flow of ions to 
cathode and anode and is decomposed in the process, e.g., 

Kt + e7 —-K (at cathode); C1- —* Cl; +e- (at anode) 
A molecular liquid contains covalent molecules, 


€: tetrachloromethane { 
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CCL, trichleromethane CHCI;, carbon disulphide CS;. A great number of the 
simpler covalent compounds are liquid at room temperature and pressure, l.e.. 
the melting points of the corresponding solids are below room ternperature, 
Such liquids are non-electrolytes; they do not conduct electricity having no 


content of ions. 


Vapour pressure i Mw s i ighbourii 

es in a liquid are subject to attractive forces trom neighbouring 
EERS For Senet the body of the liquid, these forces balance each 
other but, for molecules at the surface, there is a resultant attractive force acting 
downwards. In spite of this, some molecules of greater than average energy can 
escape from the surface of the liquid into the surrounding space and are lost. 
The liquid is said to evaporate. Escape of these particles of high energy lowers the 
average kinetic energy of those remaining; consequently, the temperature of the 
remaining liquid falls. This coldness can be felt if a small quantity of a liquid 
such as ether is allowed to evaporate on one's palm. Such a liquid, showing 
rapid evaporation at room temperature, is said to be volatile and has a low 
boiling point, e.g., ether, 36 °C at standard pressure. 

If a quantity of liquid is contained in an otherwise evacuated, sealed glass tube 
ata certain temperature, molecules will evaporate from the liquid surface into 
the enclosed space. Since these molecules are in rapid motion and cannot escape, 
some of them will collide with the liquid surface and re-enter it. It is found that, as 
a result of these opposite processes of evaporation and condensation, a state of 
equilibrium is finally reached, provided some liquid is left, This equilibrium is 
marked by the attainment of a vapour pressure which is constant (for the given 
temperature) and is called the saturated vapour pressure of the liquid at that 
temperature. This saturated vapour pressure is independent of the amount of 
liquid present (provided that it is not zero). For example, at 20 °C, the saturated 
vapour pressure of water is 17.5 mm of mercury. 


Change of state — boiling 


When a liquid is heated, its molecules acquire increased kinetic energy; therefore, 
the proportion of fast molecules increases, evaporation is more rapid, and the 
value of the saturated vapour pressure of the liquid rises. For example, for 
water at 40°C, it is 55.3 mm and, at 95 °C, 634 mm. When a temperature is 
reached at which the vapour pressure of the liquid equals the prevailing atmos- 
pheric pressure, bubbles of vapour can form freely in the liquid and rise to the 
surface. The liquid is said to boil.That is, the boiling point of a given liquid at a 
pressure of P mm is the temperature at which the vapour pressure of the liquid 
is P mm. For pure water at 760 mm, the boiling point is 100 ^C. At a higher 
pressure, water boils at a higher temperature because a higher vapour pressure 
must be reached to achieve free formation of vapour bubbles; conversely, at 
pressures below 760 mm, water has a boiling point lower than 100 °C, e.g., 
110 °C at 1075 mm, 90 °C at 526 mm. 

Other liquids have different boiling points at standard pressure. For example, 
the binding forces between molecules of ethanol (alcohol) are such that the vapour 
pressure of this liquid reaches 760 mm at 78 ?C, so this is its boiling point at 


standard pressure. The boiling point is higher than 78 °C at pressures above 
760 mm. 
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Experiment 27 


Determination of the boiling point of a liquid 
Eh a ae ee SE 


The boiling point of a liquid is usually deter- 
mined during the distillation of the liquid from 
a reaction mixture. However, it is sometimes 
required to check the purity of a liquid by 


thermometer 


test liquid 


— — water (or glycerol) 


Figure 18 


teking its boiling point, and the following 
method may be used for low boiling point 
substanzes. 

Because many of the low boiling liquids are. 
flammable, it is advisable to avoid heating 
Such liquids directly with a Bunsen flame. 
Therefore 5-10 cm? of the liquid under test (for 


nt a manner it may 
ieces of porous pot 
to the liquid, which Promotes smooth boiling. 
o condense on the 
thermometer bulb and tun back into the bottom 
of the tube it is said to be refluxing, and the 
Steady reading on the thermometer should 5e 
noted. Since boiling. point varies with atmos- 
pheric pressure, the reading on the barometer 
should also be taken. 


The above method is suitable only for those liquids with boiling points below 
100 °C at standard pressure. If liquids of higher boiling points are used, then the 
water bath may be replaced by a beaker of glycerol (as in Experiment 20), 


———MÀM— 


Experiment 22 


Effect of dissolved solids on the boiling point of a solution 


Put about 200 cm? of water into a distilling 
flask (500 cm?) fitted with a sensitive thermo- 
meter, which should read to tenths of a degree. 
Add a few pieces of porous pot, clamp the flask 
at a suitable height, and heat the water to 
boiling point and notice at what temperature 


the water boils. Add a weighed amount of 
sodium chloride, say 5 g, and again determine. 
the boiling point. Repeat this experiment, adding 
exactly 5 g of salt each time and noting the 
boiling point after each addition. 


Specimen readings 
"Temperature of boiling water 
With 5 g of NaCl added 
With 10 g of NaCl added 
With 15 g of NaCl added 


From these figures it is clear that the elevation of the boil 
directly proportional to the concentration of sal! 
grammes of sodium chloride added the boiling 


99 TEC 
100.2 °C 
100.7 °C 
101.2 °C 


f ling point Of water i 
t in Solution, Since for each 5 
Point is raiseg by 0.5 °C, ifa 

"C. ifa 
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liquid contains non-volatile impurity in solution, this impurity wili occupy some 
of the surface of ihe liquid, hindering vaporization. Consequently, the vapour 
pressure is lowered at any given temperature and the boiling point of the solution 
is higher than the boiling point of the pure liquid at the same pressure; cor- 
respondingly, the freezing point of the liquid is depressed by nen-volatile im- 
purity. For example, 5 g of sodium chloride raise the boiling point of 200 g of 
water by about 0.5 °C and depress the freezing point by about 2 °C at standard 
pressure. This is why sea water is much less readily frozen than fresh water in 
cold weather and why addition of common salt causes ice or snow to melt at 


temperatures not too far below 0 °C. 


Gaseous state 

Any gas consists of a collection of molecules of a particular kind which areina 
state of rapid motion. The fact that the molecules are in motion is evident from 
the fact that if a small quantity of an odorous gas, such as hydrogen sulphide, is 
liberated at any point in a laboratory the smell of the gas soon pervades the 
whole room. , 

If the gas is confined in a closed vessel, some of the moving molecules strike 
the sides of the vessel and each impact exerts a small force upon the side. The 
number of molecules of gas inside such a vessel will normally be very large and, 
on the average, the same number of molecules will strike a given area on the 
sides of the vessel each second, so producing a steady pressure. 

The kinetic theory makes the following assumptions about a ‘perfect’ gas. 

1. Molecules of a gas move in straight lines at very great velocity until they 
collide with each other or with the wall of the containing vessel. Gas pressure is 
exerted in this vessel as the result of collisions between the gas molecules and the 
containing wall. The number of collisions in unit time being very great, the 
pressure appears constant (at constant temperature). 

2. The total volume of the actual gaseous molecules is negligible relative to 
the capacity of the container. 

3. Ferces of attraction or repulsion between tis molecules of the gas are 
negligible. 

4. The average kinetic energy of the gas molecules measures the temperature 
of the gas. 

These assumptions are approximately fulfilled by real gases at ordinary 
temperature and pressure. 


Relation between pressure and volume of a gas 


Suppose that one of the sides of a cylindrical vessel is a smooth piston and that 
there is a pressure, P, exerted on the piston i great enough to resist the 
pressure of the gas, of which the voiume is V (Figure 19(a)). The piston will 
remain still. 

Now suppose that the pressure on the piston is suddenly reduced to 4P, 
Without temperature change. The gas pressure is the greater and the piston 
will move up. As it does so the gas will fill th; greater volume now available. The 
molecules will be more loosely packed i this larger space and so fewer will 
strike the sides of the vessel in a given time; that is, the pressure of the gas falls 
as the piston slides upwards. A stage will be reached when the gas occupies 
so large a volume that its pressure has also been reduced to 4P and the piston 
will then stop (Figure 19(b)). This will happen when the volume of the gas has 
doubled; that is, a halving of the pressure causes the volume of the gas to be 
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doubled. Similarly, it would be found that if the pressure on the piston was 
reduced to 4P, it would come to a stop when the volume of the gas had increased 
to four times its original value. 

Expressing the result generally, the pressure of a gas decreases in the same 
proportion as its volume increases. 

From this, it is clear that if we multiply the varying volumes of a given mass of 


NI 


(a) (b) 
Figure 19 


gas by the corresponding pressures, any decrease in the value of one of them will 
be exactly counterbalanced by the increase in the value of the other, and the 
result will always be the same. 

Expressed mathematically, this may be stated in the form: 

piti =P2v2 (temperature constant) 

where p, and p; are two pressures and v, and v; the corresponding volumes of a 
given mass of gas. 

This result is known by the name of its discoverer as Boyle's Law. 


Boyle's Law: The volume of a given mass of gas is inversely proportional* 
to its pressure, if the temperature remains constent. 


Boyle's Law is explained in terms of the kinetic theory as follows. If the volume 
of a given sample of gas is reduced at constant temperature, the average velocity 
of the gas molecules remains constant so they collide more frequently with the 
walls of the smaller containing vessel. The more frequent collisions cause higher 
pressure. 


Effect of temperature change on the volume of a gas 


It is common knowledge that a rise of temperature causes objects to expand and 
a fall of temperature causes contraction. The rule applies to gases, liquids, and 
solids, but the effect is much more marked in the case of gases than in the: case 
of the other two. Charles found that, if pressure is constant, the volume of 
increases or decreases by 515 of its volume at 0°C for every °C rise o Aes 
temperature; that is, if we take 273 cm? of any gas at 0 °C, its volume e 
fall by 1 cm? for every ^C rise or fall of temperature, Thus, at — 1 °C. will rise or 
will be 272 cm®; at —2°C, 271 cm?; at —3 °C, 270 cm? and soon e MU 
. s 


* Inversely proportional is the mathematical expressi 
increases the volume decreases in the same OPAN ion of the fact that as the pressure 
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the absurdity that, if the temperature falls to —273 °C, the volume of the gas 
will be 0 cm? — the gas will have vanished! In actual practice, no substance can 
remain gaseous at such low temperatures; all become solids and Charles’ Law 
does not then apply, but this temperature, at which the volume of a gas would 
theoretically be reduced to zero, gives us the lowest possible temperature that 
can ever be reached. It is called absolute zero. 

A temperature scale is in use starting from this absolute zero as 0°, and using 
Centigrade (Celsius) degrees. This is called the Kelvin (K) Scale after Lord 
Kelvin who first suggested it, Measurements on this scale are stated in units, K, 
and a general kelvin scale temperature is represented by the capital letter 
symbol, T. Since absolute zero is the same as —273 °C, it is clear that the kelvin 
scale starts measuring temperature from a point 273 °C lower than the starting 
point of the Centigrade (Celsius) scale and, to convert centigrade temperatures to 
kelvin temperatures, we must add 273°. Thus: 


—253 °C is the same as 20 K (—253 + 273) 
0 °C is the same as 273 K (0 + 273) 
15 °C is the same as 288 K (15 + 273) 


Restating Charles’ Law using kelvin temperature, we find that 273 cm? of gas at 
273 K (0 °C) will become 274 cm? at 274 K (1 °C), 275 cm? at 275 K (2°C), 
276 cm? at 276 K (3 *C) and so on; for falling temperatures, the volume of gas 
will be 272 cm? at 272 K, 271 cm? at 271 K, 270 cm? at 270 K and so on. This 
gives us the rule (known as Charles’ Law) that the volume of a given mass of gas 
increascs in the same proportion as its kelvin temperature, if pressure is constant. 


Charles' Law: The volume of a given mass of gas is directly proportional* 
to its kelvin (absolute) temperature if pressure is constant. 


From this it follows that if we divide the varying volumes of a given mass of gas 
by the corresponding kelvin.temperatures, any increase in the volume will be 
exactly cancelled by the increase in the temperature, and the result will always 
be the same. This can be expressed in the form: 

Dy bz 

nn (pressure constant) 
where v, and v; are the volumes of the gas at kelvin temperatures T, and T; 
respectively. 

This relationship is accounted for in terms of the kinetic theory as follows: 

a fall of temperature represents a decrease in the average kinetic energy of the 
gas molecules; that is, average molecular velocity decreases (mass remaining 
constant). At constant pressure, this decreased velocity causes the sample of gas 
to occupy a smaller volume. 


The Ideal Gas equation 
By a combination of Boyle's Law, 


Pity = P22 
and Charles’ Law. 
Ui jefa 
Tit 


* Direct!y proportional is the mathematical expre-z:5;, of the fact that the v. 


S z 'olume ii 
inthe proportion as the kelvin temperature increases, increases 
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we obtain the expression, 


ior pats 
TENET 
which is known as the ideal gas equation, since it strictly applies only to gases 
which behave in an ‘ideal’ manner (ie., those which fulfil the assumptions 
stated on page 37). However, as already mentioned, real gases obey these laws 
to a high degree at ordinary temperatures and pressures. The importance of the 
ideal gas equation is that it can be used to find the volume, v; that a given mass 
of gas will occupy at any desired temperature and pressure (7; and pz) from its — | 
volume, v;, at a given temperature and pressure (T; and p,). | 


EXAMPLE. A certain mass of gas occupies 211 em? at 18 °C and 740 mm pressure. 
What volume will it occupy (still gaseous) at —20 °C and 770 mm pressure? 


18°C = (18 + 273)K =291K 
—20°C = (—20 + 273) K = 253K 


Then 


740 x 211 _ 710 x v2 
DO eek ment 53 ine 


», — 140 x 211 x 253 
Aa Omg lnc 


At this stage, inspect your fraction to see if it agrees with what common sense 
would lead you to expect. j 

Thus (a), the 211 of the numerator, is the original volume of the gas in cm?. 
The pressure is changing from 740 to 770 mm; that is, an increase of pressure. 


This should decrease the volume. The fraction W is actually doing so and is 


therefore correct. 
(b) The temperature is falling from 291 K to 253 K; that is, the volume of the 


A P23, p 
gas should be decreasing. The fraction 201 decreases the yolume as required and 


is, therefore, correct. 
Using logarithms, v, = 176 cm?, | 


Standard temperature and pressure 


Since the volumes of gases change in such a marked manner with changes of 
temperature and pressure, itis necessary to choose a suitable value of each as 
standards to which gas volumes can be referred. The stanàarqs-chese; ar 
0°C and 760 mm pressure and these are known as standard temperature and 
pressure, usually contracted to s.t.p, 

That is, s.t.p. indicates standard temperature and pressure or 0 °C (273 K) and 
760 mm pressure (1 atm). In the past, the alternative, n.t.p. (normal temperature 
and pressure) was used, the values being the same. 


EXAMPLE. A certain mass of gas occupies 146 cm? at 18 °C and 738 mm pressure. 
Calculate its volume at s.t.p. 
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18 °C = 291K s.t. = 273 K (0 °C) 


‘ S.p. = 760 mm 
pioi T Paus 
eile 
738x146 760 x 22 
I 9 SE Ee 


..738 x 146 x 273 1 hi s y 
EET NE ST (Inspect this fraction as described above) 


= 133 cm? 


Dalton's Law of Partial Pressures 


This law states that, in a mixture of gases which do not act chemically together, 
each gas exerts a partial pressure which is the pressure it would exert if it alone 
filled the containing vessel at the same temperature and pressure. Then the total 
gas pressure is the sum of the partial pressures of the constituent gases, 

This law applies most commonly to the case of a gas collected over water, 
For example, suppose 100 cm? of an insoluble gas are collected over water at a 
barometric pressure of 745 mm and at 15 °C. If it is saturated with water-vapour, 
the true pressure of the gas is (745 — 13) mm, since the vapour pressure of water 
at 15 °C is 13 mn 


23252273 
Dry, at s.t.p., the gas would occupy 100 x 760 * 288 cm? 
= 91.3 cm? 


In terms of the kinetic theory this can be explained as follows. In a non- 
reactive mixture, each gas exerts a separate pressure on the container because of 
coilisions of its molecules with the containing walls. The total pressure on the 
container is caused by the sum of all the collisions. 

If gas pressure rises to very high values, molecules are crowded very much ^ 
more closely together so that ultimately forces between them are no longer 
negligible and their volume becomes significant relative to the space occupied 
by the gas. Then the simple gas laws no longer apply. 


Questions 
Initial Initial temperature Final temperature 

volume and pressure end pressure 
(a) 273 cm? 0 *C and 760 mm 14 *C and 861 mm 
(b) 1638 cm? 0 °C and 819 mm 15 °C and 864 mm 
(c) 1000 cm? —23 °C and 750 mm 23 *C and 800 mm 
(d) 500 cm? 17 °C and 870 mm 48 °C and 750 mm 
(e) 1000 cm? 182 *C and 722 mm s.t.p. 
10) 760 cm? 27 °C and 700 mm stp. 

The examples below need the use of logarithms 
(9) 700 cm? 17 *C and 740 mm stp. 
(h) 133 cm? 14 °C and 745 mm 17 °C and 750 mm 
10) 55 cm? 14 °C and 744 mm S.t.p. 
[6] 574 cm3 stp. 15 °C and 735 mm 
(k) 70 cm3 stp. 18 *C and 745 mm 
[0] 121 cm? 150 *Cand 780 mm 120 °C and 742 mm 


(m) 534 cm? stp. —15 °C and 740 mm 
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1. Calculate the volumes which will be 
occupied at the given final temperatures and 
pressures by the gases whose initial volumes, 
temperatures, and pressures are given on 
page 41. 


2. The apparatus partially shown in Figure 
20 was used by a student to find the melting 
point of a solid. List three errors that he had 
made in setting up the apparatus. (N.L) 

| 


liquid with boiling 
point higher than 
melting point of solid 


solid 


Figure 20 


3. A strong, round-bottomed flask was half- 
filled with water which was then boiled 
vigorously for five minutes. Heating was 
discontinued and the flask was closed with a 
well-fitting rubber stopper. The flask was 
inverted and cold water was poured on the 
outside. 

(i) What would be seen in the flask? 

(ii) Give the reasons for your expected 

observations. (J.M.B.) 


4. If a small quantity of ether is placed on 
one's skin a cold sensation is felt. Explain 
this effect. (S.) 


5. The pressure inside a sealed can of 400 
cm? capacity at 27 ^C is 600 mm of mercury. 
What would be the pressure at 127 °C if the 
size of the can did not alter? 

If the original volume, temperature, and 
pressure had been 800 cm?, 27 °C, and 600 
mm of mercury, what would the final 
pressure be at 127 °C? (J.M.B.) 


6. By what factors must you multiply the 
volume of a gas measured at 20°C and 750 
mm of mercury pressure in order to find 
what the volume would-be at s.t.p.? (S.) 


(ES Se 


4 Relative Atomic Mass 


Introduction of the chemical balance 


As soon as the existence of atoms was recognized, it was obviously desirable to 
try to obtain as much information as possible about the atoms of different 
elements. and, more particularly, to show how their masses compared with one 
another. This was necessary to enable quantitative experiments of various kinds 
to be made, to test doubtful points about the Atomic Theory, and also to enable 
chemists to make calculations of the quantities of materials involved in their 
experiments. Indeed, until the work of chemists could be made the subject of 
accurate weighings, and calculations could be tested by experiment, little pro- 
gress could be expected. This was recognized more particularly by Black, a 
Scottish scientist working in Glasgow, and his name will always be honoured 
among chemists for his persistent and pioneer use of the chemical balance for 
checking his ideas. He taught scientists the importance of obtaining definite 
quantitative results instead of the vague qualitative statements with which they 
had been satisfied. The question for chemists became not only ‘What happens Nic 
but also ‘What mass of each material is involved when it happens ?" 


Chaos of 1820—1850 


Finding out how the masses of different atoms compared with each other proved 
extremely difficult to carry out. For about forty years after the Atomic Theory 
was suggested by Dalton, chemistry was in a state of chaos. It is difficult for us 
now to read with understanding any book on chemistry written between about 
1820 and 1850, because chemists were simply groping about trying to solve the 
problem of comparing the masses of atoms, and they were making little progress. 
Let us try to understand where the difficulty lay and to follow the stages by which 
full knowledge was finally achieved. F . 

In the first place, we must understand that chemists were not attempting to 
obtain the masses of individual atoms. It was clearly recognized that atoms were 
very small indeed and that there was no hope whatever at that time of obtaining 
the actual mass of a single atom of any element. The question was, rather: ‘How 
do the masses of the atoms of different elements compare with one another? Is, 
for example, a sodium atom heavier than an atom of oxygen, and, if so, by how 
much? Is a silver atom heavier than an atom of gold, and, if so, by how much? 
We can now find the real mass in grammes of a single atom of any element; we ` 
have accomplished what the chemists of 1830 regarded as a vain aspiration, but 
the process has taken over 100 years, and when you read that the mass of a 
hydrogen atom is 0.000 000 000 000 000 000 000 001 7 g, you will not be sur- 
prised that science has consumed a great deal of time, and the patient efforts of 
many, to reach a stage at which such a minute quantity can be reasonably 
accurately measured. s i 

Returning to the simpler problem of comparing the masses of atoms, it 


—— 
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became necessary first to fix some standard of inass with which all the atoms 
could be compared. We were measuring potatoes in stones, jam in pounds, and 
masses of steel in tons. In what mass-units could we express the masses of atoms? 
To compare masses of atoms by using grammes would, in fact, have been far less 
sensible than trying to express the mass of grains of sand in tons. Chemists 
recognized this and decided to compare the masses of all other atoms with the 
mass of a hydrogen atom. The hydrogen atom was chosen because it 1s the 
lightest of al! the atoms and would give numbers greater than unity for the 
comparative masses of all the other heavier atoms. This is more convenient than 
working in fractions or decimals, which the choice of any other atom as standard 
would necessitate: 

Thus the first definition of the relative atomic mass of an element (formerly 
known as atomic weight) involved the direct comparison of the mass of one 
atom of the element with the mass of a single atom of hydrogen. 


First definition. The relative atomic mass of an element is the mass of one 
atom of the element compared with the mass of one atom of hydrogen: 


You must understand clearly what this most important characteristic ofan atom 
is. If you look in a ‘Table of Relative Atomic Masses’, you will see some statement 
such as O = 16 or Na = 23 or P = 31. This is the chemist’s shorthand way of 
saying ‘The relative atomic mass of oxygen is 16, of sodium 23, and of phos- 
phorus 31’; or, more fully, “Every atom of oxygen has a mass !6 times greater 
than an atom of hydrogen’; or ‘Every atom of sodium has a mass 23 times 
greater than an atom of hydrogen’; or “Every atom of phosphorus has a mass 
31 times greater than an atom of hydrogen’. All this is conveyed by O = 16, 
Na = 23, P = 31. You do not yet know how these figures have been obtained; 
take them for granted for the moment. It will be obvious that if the masses of all 
atoms are compared with the mass of a hydrogen atom in this way, the masses of 
all atoms are also compared with each other. When we say, for example, that the 
relative atomic mass of oxygen is 16 and that of sodium is 23, we also state that 
the sodium atom is heavier than the oxygen atom in the proportion of 23 to 16. 

The fact that we have chosen the mass of a hydrogen atom as our unit of 
atomic mass leads to the statement that the atomic mass of hydrogen is 1 
(H = 1). The most modern choice of standard for the unit of atomic mass is 
that of an isotope of carbon, !2C (see page 75). 

A table of the relative atomic masses of the elements is given on page 499. 


Relative molecular mass 


The masses of molecules of elements and compounds are also defined in 
terms of the mass of an atom of !2C (sce page 75 for an explanation of this 
symbol). 


Definition. The relative molecular mass of an element or compound is the 
mass of one molecule of the element or compound compared with the mass of 
an atom of $C which is arbitrarily assigned as 12.000. 


The relative molecular mass was formerly known as the molecular weight. 


Atomic mass measurement. Mass spectrometer 


A direct mode of determination of atomic mass has been available since 1929 
through the mass spectrometer introduced by Aston. It must be remembered, 
however, that, by that date, the atomic masses of about 90 elements were fairly 


Relative Atomic Mass 45 


accurately known, and, at first, the results from Aston’s work had to be checked 
against known atomic masses previously obtained from chemical experimenta- 
tion. Since 1920, however, the mass spectrometer has been greatly improved and 
it can now give reliable, very accurate results. To a large extent, it has rendered 
chemicai determination of atomic masses superfluous. 

In principle the mass spectrometer, schematically illustrated in Figure 21 
first produces positive ions of the element under investigation by causing its 


Sı o S2 


Figure 21 


atoms to lose electrons. This may be done, for example, by very strong electrical 
heating of a trace of a salt of the element on a tungsten filament, or by subjecting 
a sample of the element in gaseous form to electron bombardment. For a 
univalent element, X, 
X— Xt +e 

The stream of ions, Y*, is selected by slits, S, and..S;, into a narrow beam which 
is, deflected and dispersed by the electrical field between metallic plates at F. 
An electromagnetic field, M, at right angles to the field, F, then focuses the beam 
on to a photographic plate, P, so that all particles of the same charge/mass ratio 
fall on to a line resembling an optical spectrum line. This line is an image of the 
selecting slits. The whole process occurs at very low pressure. By adding oxygen, 
O = 16, to the element under test, early experimenters could supply known lines 
at mass-change ratios 8, 16, and 32 (representing ions O?*, O+, and O,*) and use 
these as measuring standards for the lighter elements. Moderninstrumentscan be 
made to record a graph on a moving paper roll. The graph shows a peak corres- 
ponding to each ion beam, from which the mass of the corresponding atom can 
be calculated, and the height of the peak indicates the intensity of the beam. 

Aston's work of 1920 was notable not so much for its measurement of atomic 
masses as for its confirmation of the existence of isotopes (see page 79). For 
example, chlorine (chemical atomic weight 35.5) showed two kinds of atoms 
(isotopes) to be present in it by producing two mass spectrum lines at 35 and 37 
with intensities in the proportion of about 3: 1 (see Chapter 8). 


The mole 


It should be obvious that the relative atomic mass has no units; since it is essen- 
tially a ratio it is simply a number which states the relative mass of the atom 
concerned on a scale which gives the standard atom, ! 2C, a mass of 12,000 units, 
If, however, the gramme unit is attached to the relative atomic mass, then 8 
specific quantity of the element concerned is being referred to, and a particular 
number of atoms of that element is implied, Thus the number of atoms in 12.000 
grammes of !';C is a special number, for it is the chemists' unit for the amount of 
substance, and it is known as the mole. 

Definition. The mole is the amount of substance which contains as many 
elementary entities as there are carbon atoms in 12.000 grammes of the E^ 


isotope. 
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By ‘elementary entities’ in the above definition is meant any type ot particle 
that may represent the chemical constitution of the substance under investige- 
tion, and it clearly includes atoms, molecules, ions, electrons, protons, and any 
other particles. The actual number of atoms of carbon in 12.000 g of !2C has 
been determined in a variety of ways and it is known as the Avogadro number ot 
Avogadro constant, Na (in honour of a great Italian scientist), The accepted 
value for the Avogadro number is 6.02 x 1023, which is clearly à very large 
number too large to be imagined! Thus a mole of any substance is that amount 
of the substance which contains 6.02 x 10?? particles of that substance. Because 
of the way in which the relative atomic masses of the elements are defined, the 
relative atomic masses of the elements expressed in grammes always contain the 
Avogadro number of atoms of that element. Thus, using the Table on page 499, 
4.00 grammes helium, 26.98 grammes aluminium, and 238 grammes uranium all 
contain 6.02 x 1023 atoms of the elements. 

It is therefore possible to calculate how many moles of substance correspond 
to a given mass of that substance, and also how many actual particles are 
present. 


EXAMPLE. A sample of aluminium has a mass of 5.4 g. Calculate (a). the number 
of moles of aluminium present, and (b) the number of atoms of aluminium in the 
sample, 

(a) The relative atomic mass of aluminium is 27. Thus a sample of aluminium 
of mass 27 g corresponds to | mole of aluminium. 
1 ae 5.4 
<. 5.4 g aluminium correspond to a moles 

— 0.2 mole aluminium 


(b) 1 mole of any substance contains 6 x 102? particles. 
7. 0.2 mole aluminium contains 0.2 x 6 x 10?? atoms of aluminium 


= 1.2 x 10° atoms 


Questions 


1. Copy and complete the following table. 


————— — 
Element Mass/g Number of. Number of 
` moles particles D 


Sodium 92 


Gold porn 


Iron 2x 107! 


Uranium 0.119 | 


Tin 10? | 


Silver 5.5 


Copper 25s 


Element Mass/g 


Relative Atomic Mass 42 


Number of 
particles 


Number of 
moles 


Helium 


] 


3x 104 


Carbon 


Lead 


6 x 107? 


Potassium 


Xenon 


| Mercury 


[ Hydrogen, Hz 02 


z What mass of mercury contains ten times 
as many atoms as 4 g of carbon? 
3. Explain the difference between the terms 


relative atomic mass and relative molecular 
mass. 


4. Explain the meaning of the term mole and 
indicate its importance. (S.) 


5. Given that 5 g of neon contain X atoms, 
state in terms of X the number of atoms in 
(a) 0.05 g of neon, (5) 5.6 g of silicon, 
(c) 1.1 g of manganese. 

(Relative atomic Ne = 20 


masses: 
Si = 28, Mn = 55.) , 
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Symbols 

Having reached the conclusion that elements are made up of atoms, scientists 
needed some means of denoting atoms. Dalton invented a number of symbols 
for the atoms of elements, a few of which are illustrated in Figure 22. 


hydrogen oxygen nitrogen sulphur carbon 
© O (D © 9 
Figure 22 


He then indicated the formulae of compounds by combining the necessary 
numbers of these symbols, writing each one separately, Using modern know- 
ledge of these compounds, his forrszlae would be those given in Figure 23. 


water methane sulphuric acid ammonia 
eco 868 & 
H20 CH, H2504 Nig 
Figure 23 


This very laborious system is quite unsuited to the representation of complex 
molecules. Think, for example, of the task of representing on this system the 
formula of cane sugar C,,H.0,,. It would entail the drawing of 12 separate 
symbols for carbon, 22 for hydrogen and 11 for oxygen, and the result would be 
an unwieldy and confusing jumble of 45 separate signs. The system was soon 
abandoned for the modern simple system of representing atoms suggested by 
Berzelius, which consists generally of using the initial letter of the name of the 
element to stand for one atom of it, e.g., one atom of hydrogen is denoted by H, 
one atom of oxygen by O, one atom of nitrogen by N. This rule cannot be 
universally applied because 100 elements have to share 26 letters. The difficulty 
has been readily overcome by using, for some of the elements, a symbol con- 
sisting of the initial letter, as a printed capital, together with one small letter 
from its name, for example, one atom of each of the elements carbon, chlorine, 
cerium, calcium, and caesium is denoted by the symbol C, Cl, Ce. Ca, and Cs 
respectively. In the case of the metals, the Latin names have sometimes been 
used as the source of the symbol. Some examples are shown in the table on page 49. 

The last two metals in the table were unknown to the Romans, but a kind ©! 
atin name has been bestowed upon each, and from this its symbol 


scudo-L : 
P Recently isolated metals, however, have been given names ending 


is taken. 
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Metal Latin name Symbol 


copper cuprum Cu 
iron ferrum Fe 
lead plumbum Pb 
silver argentum Ag 
gold aurum Au 
mercury hydrargyrum Hg 
sodium (natrium) Na 
potassium (kalium) K 


in -ium, or -um, e.g., radium, platinum, osmium, aluminium, while recentl 
named non-metals have been given names ending in -on, e.g., argon, xenon. 
A list of the symbols of the known elements is given on page 499. 


Formulae of elements and compounds 
From Berzelius’ system of symbols is derived a simple method of denoting 
molecules of a compound or element, 

Anticipating a little, we have already seen that a molecule of an element is 
denoted by writing the symbol of the element and, to the right and below it, a 
number expressing the number of atoms in the molecule; for example, 


H; denotes one molecule of hydrogen containing two atoms in combination. 
P, denotes one molecule of phosphorus containing four atoms in combination. 
S, denotes one molecule of sulphur containing eight atoms in combination. 


The same device is adopted in representing the formulae of compounds, 
though here, of course, at least two symbols must appear because at least two 
elements must be present. Again, the small figure, to the right of a symbol and 
below it, expresses the number of atoms of the element present, the figure 1 
being omitted. A few examples will make the idea clear. 

H,0 denotes the formula of water, which contains two atoms of hydrogen 
and one atom of oxygen in combination; 

H,SO, denotes the formula of sulphuric acid, which contains two atoms of 
hydrogen, one atom of sulphur, and four atoms of oxygen in combination; 

CaCO, denotes the formula of calcium carbonate (chalk), which contains one 
atom of calcium, one atom of carbon, and three atoms of oxygen in combination. 


‘The close proximity of the symbols indicates that the atoms of the elements 
represented in the formulae of compounds are in chemical combination, and 
they therefore will behave quite differently in a cheniical sense than when they 
are present in the separate elements. It is very important to realize this. 

When a group of symbols is common to a class of compounds, it is frequently 
written as a bracketed group in their formulae, together with a number to 
indicate the number of groups present. For example, all metallic nitrates are 
derived from nitric acid HNO3, and they all contain the nitrate group or radi 
NO,, in their formulae. When formulae of nitrates are written, this group is 
preserved intact, and, if two or more are ne ‘ded, the number is indicated by 
enclosing the NO; group in a bracket and wriung the number needed below and 
to the right, This arrangement is convenient because it emphasizes the relation 
of the nitrates to nitric acid. For example, Ca(NO;); means the same as 
CaN;Os, because the 2 multiplies everything inside the bracket, but Ca(NO;)2 
indicates the relation of calcium nitrate to nitric acid HNO;, more clearly than 
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does CaN,O,. Similarly the formula of aluminium nitrate is written Al(NO3)3 
rather than AIN;Qo. 

The sulphate radical, SO,, which is common to sulphuric acid H,SO,, and to 
all sulphates, is similarly treated. Thus the formula of aluminium sulphate, 
written as Al,(SO,)3, indicates the derivation of this compound from sulphuric 
acid H4SO,, more clearly than if written as Al,S30;2. The hydroxyl group, OH, 
is also preserved in formulae to emphasize the relation of hydroxides to water 
H.OH, which is regarded as hydrogen hydroxide. Thus the formula of iron(II) 
hydroxide is written Fe(OH)s, not FeO3H3. 

If it is necessary to indicate a number of molecules of a compound, this is done 
by writing the appropriate number before the formula of the compound; for 
example, 


2H,SO, means two molecules of sulphuric acid. 
8HNO, means eight molecules of nitric acid. 
4HCI means four molecules of hydrogen chloride. 
10H ;O means ten molecules of water. 


It is important to notice carefully that the figure in front of the formula mul- 
tiplies the whole of it. 2H ;SO,, for example, denotes two molecules of sulphuric 
acid each containing two atoms of hydrogen, one atom of sulphur, and four 
atoms of oxygen, or four atoms of hydrogen, two atoms of sulphur, and eight 
atoms of oxygen in all. 

It is a common mistake of beginners to think that the figure multiplies only 
the symbol which immediately follows it; for example, that in 2H,SO, the 2 
multiplies only the H, and not the SO,. This is quite wrong. The 2 multiplies the 
whole of the formula H.SO,. 


Nomenclature cf compounds 


The word ‘nomenclature’ means ‘system of naming’, and a fairly straightforward 
scheme has been designed which will enable you to state the composition of most 
chemical substances directly from their names. 


Binary compounds 

The name ending -ide is given to compounds containing only two elements, and the 
nature of the elements is indicated in the two words of the name, e.g., copper(II) 
oxide CuO; hydrogen sulphide H3S. / 

The chief exceptions to this are water HO, ammonia NH3, methane CH4, 
and other non-metal hydrides. Hydroxides are an exception to this rule but in 
these compounds the three elements present are indicated in the name. Another 
exception is an acid salt of hydrogen sulphide, e.g., sodium hydrogensulphide 
NaHS, but there again the name is self-explanatory. In salts like ammonium 
chloride NHCl, the NH, group has been treated as if it were an element. 


Acids 

A great many acids contain hydrogen, oxygen, and a third element, e.g., H250% 
HNO3, H3PO,. The commonest and Sion wish of such acids is Viualiy highly 
oxidized and to it is given a name which ends in -ic and is derived from the 
element it contains in addition to hydrogen and oxygen, e.g., sulphuric a¢! 
H,SO,, and nitric acid HNO, An acid containing the same elements but less 
oxygen has the name-ending changed to -ous, e.g., sulphurous acid H;SOs. an 
nitrous acid HNO2- 
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Acid radicais 
Acid radicals are present in salts which are derived from particular acids, and 
the naming of the acid radicals depends to a large extent on the acid from which 
they are derived. Thus those acid radicals derived from -ie acids take an ending 
-ate (e.g., sulphate SO, from sulphuric acid, nitrate NO; from nitric acid, 
phosphate PO, from phosphoric acid). Those acid radicals derived from -ous 
acids take an ending -ite (e.£., nitrite NO; from nitrous acid, sulphite SO; from 
sulphurous acid). 

When metal atoms are incorporated in the acid radical the ending -ate is again 
used, e.g., zincate ZnO,, plumbate PbO,, stannate SnO;, manganate MnO,. 


Meial compounds 
For metals which form only one series of salts with acids (have a fixed ‘valency’ - 
see page 101), the name of the metal is followed by the name of the acid radical, 
thus 

NaNO; sodium nitrate, 

Al (SO;)s aluminium sulphate, and 

MgCl; magnesium chloride. 


Far metals of variable valency. Roman numerals are included in the name, 
to indicate the valency of the metal, thus 
FeCl, iron(II) chloride, and 
FeCl; iron(II) chloride. 


Organic compounds 

Organic compounds are those derived trom carbon; they usually contair 
carbon, hydrogen, and oxygen and may also contain other elements. Since these 
compounds are in a special class of their own, à different system of naming then 
has been devised, and this will be explained in Chapter 28. 


Historical note 

Recent recommendations of the Chemical Society, the International Union o 
Pure and Applied Chemistry, and the Association for Science Education hav. 
made certain chemical names ‘trivial’ and they are to go out of use. Examples arı 
names in -ic and -ous derived from names of metals, e.g.. ferric and ferrous 
us. The recommended replacement takes the form of the ordi 


cupric and cupro 
nary name of the metal with its operative valency stated in brackets in Roma! 
he present editibr. 


numerals. Where necessary, the majority of the names in tl 
have been changed to conform to this notation. Some cases of the old usages 
before about 1960 and 


have been left because they occur in chemical literature 
reagent bottles in many laboratories still retain them, and therefore student 


should be aware that differences still exist. Examples are the following: 


Old New 
Cuprous oxide Copper(I) oxide Cu;O 


Cupric oxide Copper(II) oxide CuO 

Ferrous sulphate Jron(IT) sulphate FeSO. 

Ferric sulphate Iron(1IT) sulphate Fe,(SOs)3 b 
Piumbous chloride Lead(11) chloride PbCl; 

Plumbic chloride Lead(1V) chloride 


Manganese dioxide Manganese(IV) oxide MnO3 
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Determination of the formulae of compounds 


The only way to be certain about the formula of an unknown compound is to 
perform experiments by which the compound is broken down directly into its 
elements, or into familiar compounds which can be shown unambiguously to 
have been obtained from the elements in the original compound under inves- 
tigation — a process known as analysis. Alternatively, an attempt may be made to 
prepare the unknown compound from its elements either directly or indirectly, 
and compare the properties of the prepared compound with that of the unknown 
—à process known as synthesis. 

The following experiments illustrate the way in which the formula of the black 
oxide of copper can be determined, either by analysing it by reduction in hydro- 
gen (with heat) or by synthesizing it by oxidation of the pure metal, both pro- 


cesses being quantitative. 


Experiment 23 


Formula of copper{li) oxide by reduction 


Black copper(II) oxide contains copper and 
oxygen chemically combined. By the removal 
of oxygen in a stream of hydrogen the masses 
of copperand oxygen which werein combination 
can be determined (Figure 24). 


concentrated _ 
hydrochloric acid 


anhydrous 
calcium chloride, 
se} to dry the hydrogen 


zinc and water 


The tube must slope downwards towards A, 
otherwise water condensed during the experi- 
ment might run back on to the heated part and 
crack the tube. 

Weigh a porcelain boat and weigh again with 
some pure dry copper(il) oxide in it. Place the 
boat inside a hard glass tube. Generate hydrogen 
as in Figure 24 and pass it through a calcium 
chloride tube to dry it. Allow the hydrogen to 
pass over the oxide until, when collected 
in a test-tube as shown, it burns quietly 
on exposure to a flame. This shows that all 
the oxygen in the apparatus has been expelled. 


Then light the hydrogen at the jet (see Experi- 
ment 17, page 24) and warm the copper(I!) 
oxide. Soon a glow spreads through the oxide 
(an indication that chemical change is taking 
place). A reddish-brown powder, copper, is 


Figure 24 


left, and drops of water collect at A. 

Allow the copper to cool in a current of 
hydrogen so that air cannot enter and so convert 
the red metallic copper into the oxide again 

Weigh the boat and copper when cool (The 
boat and contents should, to ensure c i let 
reaction, be heated to constant ma: Tess 

Note that the copper(II me 

(Il) oxide has been 


Ydrogen to red metallic 


copper, whereasthe hydrogen hasbeen oxidized 


to water. 


Copper (!t) oxide + hydrogen—> copper + water 


Specimen analysis 
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Mass of boat = 4.32 g 
Mass of boat + oxide = 5.61 g 


Mass of boat -++ copper 
<. Mass of oxygen 


—535g: 
0.26 g 


^. Mass of copper = 1.03 g 
0.26 g of oxygen has combined with 1.03 g of copper 


Taking the relative atomic masses of oxygen and copper to be 16 and 63.5 
respectively, the number of moles of oxygen atoms and copper atoms which 


Combined together are: 


0.26 
16 


1.03 
and 63.5 or 


0.016 (approx.) in both cases 


This means that, in black copper(il) oxide, copper and oxygen atoms combine 
together in equal numbers ard the simplest formula of the oxide is CuO. 

For class use, the following method is satisfactory. 

Blow a small hole in a test-tube and weigh the test-tube. Weigh again with 
some pure dry copper(II) oxide in it. Push the rubber tube from the Bunsen 


gas 


burner into the test-tube, pass hydrogen thro 


Figure 25. 
Conduct the experiment in a sim 


experiment and work out the result. 


Experiment 24 


Formula of copper(I!) oxide by oxi 


Weigh a small evaporating dish and clock-glass 
ve cm diameter is suitable), and weigh again 

‘ving added one or two smalt pieces of copper 
(not more than 0.5 g). Remove the clock- 
Gloss, add about 10 om? of bench dilute nitric 
acid (approx. 4M), replace the clock-g!ass- and 
heat gently on a tripod and gauze in a fume- 
Chamber (Figure 26). There is a vigorous 
effervescence, brown fumes of nitrogen dioxide 


Figure 25 


ugh it and light it as shown in 


ilar manner to that described in the previous 


dation of copper 


are seen, arid the copper finally dissolves, giving 
a blue solution of copper(II) nitrate. 

Continue to heat the solution (increasing the 
size of the flame to maintain a steady but not too 
vigorous evolution of vapour) until the whole 
of the excess nitric acid has been driven off and 
the copper(il) nitrate converted to black copper 
oxide. 

Heat the dish very strongly for « few minutes 
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to decompose any copper nitrate on the sides 
of the dish or on the clock-glass, allow to cool 
(in a desiccator if possible) and weigh the 
dish and clock-glass. Repeat the heating to 
constant mass. (The clock-glass minimizes loss 
of liquid by spurting but does not rnaterially 
reduce the rate of ovaporation.) 


clock-glass 


dilute nitric 
acid 


heat 
very gently 


Figure 26 


Specimen weighings 


Mass of evaporating dish and clock-glass — 20.210 g 
Mass of the above + copper = 20,634 g 

Mass of the above + copper(II) oxide = 20.741 g 

-. Mass of copper used = 0.424 g 


-. Mass of oxygen combined 


0.107 g 


From these figures, 0.107 g of oxygen combined with 0.424 g of copper. Given 


0.107 3 «1, 0.424 
that O = 16 and Cu = 63.5, 7161 moles of oxygen atoms combine with “635 


moles of copper atoms. These are equal numbers of moles of atoms at the value of 
0.0067 approximately. That is, the simplest formula of the black oxide is 
CuO. This oxide is known as copper(II) oxide. ; 


Empirical formula 


In the above experiments we found the ratio of the number of copper atoms to 
the number of oxygen atoms in the black copper oxide, and inferred that the 
formula was CuO, since one atom of copper was in combination with one 
atom of oxygen. Strictly speaking we have still not determined the actual 
formula, since by the method we have adopted we would not be able to dis- 
tinguish between oxides of copper with the formulae CuO, Cu;O;, Cu30s, etc. 
It is necessary to carry out further experimental work in order to distinguish 
between these possibilities, and the manner in which this can be done will be 
described later. - 

That formula which indicates the ratio of the different atoms present in a 
compound is known as the empirical formula (sometimes, the simplest formula), 


and it is further discussed in Chapters 7 and 11. 


Questions 


1. State the meaning of the following 
formulae; KNOs, CuSO,.5H20, PbCL,, 
Na2CO3.10H,O (washing soda), e.g., the 
formula H,O (water) means that one 
molecule: of water contains two atoms of 
hydrogen and one atom of oxygen. 


2. How many atoms of the various elements 
are indicated by the following formulae: 


2H:;0, 5HCI, 7HNO;, 
20PbSO,, 11Cu(NO;)2? 


3. What do vou understand by the term 
‘atomicity’? What is the atomicity usually 
assigned to the elements helium, chlorine, 
phosphorus? 


4. Why is the formula for lead nitrat 
written Pb(NOs)2? (It could also be ED 
PbN;O..) Give three similar examples. 


5. Give the names and fo; 
oxides of lead. Describe ig on ie three 
would determine the percentage Pais you 


ux pue of them, paying particular attention 
OR e precautions necessary to obtain an 
GS result. Name and state the law that 
age be verified by determining the percent- 
n: of lead in zwo different oxides. Starting 
Som one of the oxides of lead, how would 
You prepare a pure dry sample of lead 
itrate crystals? (J. M.B:) 


DEA g of a compound of iron with sulphur 
BA contained 224 g of sulphur. Calculate 
empirical formula of this compound. (O.) 


RON are required to determine the per- 
oxide 9f copper in a sample of copper(ll) 


G) Give a labelled diagram of the 
(i apparatus you would use. 
ii) State three, precautions you would 
take when carrying out this deter- 
mination and explain why they are 


Cii necessary. 
iii) Describe the changes which would be 
Observed during the reaction which 


G Occurs. 

iv) State the weighings which you would 
record, and outline how you would 
calculate the required result. 

ee Teduction, 12.00 g of a metallic oxide, 

an fave initially 11.20 g of a lower oxide, B, 

| ultimately 10.40 g of the metal, X. 
(i) Calculate the mass of X which is 
combined with 16 g of oxygen in Cac 
m le. 
(ii) State the chemical law illustrated by 
ii these results. 

(il) The atomic mass of X is 208. Deduce 
ide A. 


the simplest formui2 of the o 
(AEB) uL 


8. If 29 
Oxi 8 each of copperii) oxide {cupric 
cone copper(II) sulphate (cupric ere 
nitrate (cupric pitrate), 
repperttl) chloride Cupin chloride) are 
gated to copper, which compound wih 
ale the highest mass of, copper and why? 
$ Ba: this mass of cépper. (A-E-BJ 
Lead (Pb) is a metal low down in the 
Activity series (electrochemical series). This 
7 
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metal forms several oxides, one of which, A, 
when heated decomposes to another, B, and 
oxygen is liberated. Devise and describe 
experiments by which you could find the 
formulae of the oxides A and B. (You shouid 
use a method different in principle for each 
oxide, though you may use the results of one 
in the calculation of the other.) - 

Suggest a set of readings that you might 
obtain in your experiments if the two oxides 
actually have the formulae PbO2 and PbO, 
and show how these readings would lead to 
the answer. 

When sulphur dioxide (SO.) is passed over 
2.39 g of the warm oxide PbO:, the latter 
glows red anda white residue weighing 3.03 g 
is obtained. What do you think has hap- 
pened ? (L.) E 
10. Sketch and label an apparatus suitable 
for heating an oxide of copper in a current of 
dry hydrogen. State two precautions (with 
reasons for them) which are necessary for the 
safe conduct of the experiment. Describe 
what happens to the oxide of copper when 
heating begins. If 0.429 g of oxide were 
reduced to 0.381 g of copper in an experi- 
ment, which oxide of copper (CuO or Cu;O) 
was used? (Cu = 63.5; O = 16.) 

11. When suitably heated in oxygen, lead can 
produce à red compound said to be Pb304. 
is red compound can be entirely reduced 
to lead at red heat in a current of dry hydro- 
gen.) Describe, in detail, an experiment by 
which (using this reduction) you would test 
the accuracy of the quoted formula. Outline 
any required calculation. (Pb = 207; 
O = 16.) 
iz. Two cxiNs of tead, A and B, were 
heated in dry hydrogen to reduce them to 
metallic lead. In case A, 0.446 g of oxide left 
0.414 g of lead; in case B, 0.717 g of oxide 
0.621 g of lead. Show that these figures 


ft 
E in accordance with the Law of Multiple 
Proportions and, given Pb = 207 and 


o TI calculate the simplest formulae of 
A and B. 


si t 


6 Chemical Equations 


Representation of reactions 


We have already seen in Chapter 5 that it is possible to represent the chemical 
constitution of a compound in its formula — a type of chemical ‘shorthand’. 
Having established the formulae of many compounas it would be convenient 
to be able to represent chemical reactions themselves in a shorthand manner. 
This is the purpose of the chemical equation. 

Quite clearly any method for representing a chemical reaction will need to 
satisfy certain basic requirements: ^ 


(i) the chemical nature of the substances combining together (called the 
reactants) must be clear; 

(i) similarly, the chemical nature of the substances formed as a result of the 
reaction (called the products) must also be clear; 4 

(iii) the mole proportions in which the reactants combine, and the mole 
proportions in which the products are formed, must be deducible; 

(iv) the direction of the reaction (i.e. which substances are reactants and which 
are products) must be established. 


We shall see later how it is possible to express other aspects of a chemical 
reaction through the equation, particularly the state of matter in which the 
reactants and products are present (solid, liquid, gas, or aqueous solution), and 
also how much energy is liberated or absorbed during the reaction. 


Setting up an equation 


The setting up of a chemical equation involves satisfying the requirements men- 
tioned above, and the only way in which these requirements can ultimately 
be met is by conducting a series of experiments. Thus, an equation represents 
the results of an empirical investigation (an investigation through experiment) 
either on the reaction itself, or by the determination of the nature and formulae 
of the products (the nature and formulae of the reactants are normally assumed). 

The first step in setting up the equation therefore, involves the establishment 
of the formulae of all the substances taking part in the reaction, both as reac- 
tants and products. The determination of chemical formulae has already been 
described in Chapter 5. 

The second step is to write down the formulae of the reactants and products 
in some agreed manner, and conventionally the reactants are placed on the left- 
hand side of the page and the products on the right-hand side, An arrow f 
jeft to right indicates that the reaction proceeds from reactants to iiaa rom 
written. Thus, if we wish to represent the fact that oxe mole of co; Pp eb as 
reacts with one mole of sulphuric acid to produce one Mole preg ) oxide 
sulphate and one mole of water, we can do so in the iorm: of copper(II) 


CuO + H,SO, — CuSO, + H,O 
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This kind of statement is called ‘a chemical equation’. 

The + sign on the left of the equation means ‘reacts with’, but on the right it 
means simply ‘and’, while the arrow means ‘producing’. 

Take another simple chemical equation. 

Zn + H,SO, — ZnSO, + H; 

This means: one mole of zinc reacts with one mole of sulphuric acid producing 
one mole of zinc sulphate and one mole of hydrogen. 3 

It is important to notice that there must be the same number of each kind of 
atom on the right of a chemical equation as on the left, otherwise the equation 
would imply that atoms had been created or destroyed, which is impossible. 
Hence, whenever we write a chemical equation we are assuming the Law of 
Conservation of Mass, established in Experiment 15, Chapter 2. Hence it is 
important that whenever a chemical equation is written we must be certain that 
the number of atoms of any given element on one side of an equation is exactly 
the same as the number of atoms of the same element on the other side of the 
equation. This process of equalization is known as ‘balancing’ the equation, 


Balancing an equation 

It has already been explained that, by à ba 5 : 

has the same number of each kind of atom on the right of the equation as on the 

left. An unbalanced equation implies that atoms have been created or destroyed; 

it is therefore wrong, and calculations based on It are certainly unreliable. It is 

absolutely essential, then, to obtain à balanced equation. t - 
Facility in producing balanced equations is attainable only with practice, but 

this absolutely inviolable rule must be remembered: 

The fi jis absolutely fixed and unalterable and an equation 

ormula of a compound jatenumbers of. molecules of the substances 


mu. 7 ropri 
st be balanced by taking aPP LABIOS of their formulae. 


concerned, not by attempting à i 
The following brief account will illustrate the process of balancing. 

To obtain a balanced equation for the action of hydrogen sulphide, HS, on 

sulphur dioxide, SO2, producing water, 1,0, and sulphur, S. 


The skeleton, but unbalanced and incorrect, ‘equation’ will be: 
HLS + S0,— mo 


e formulae or the symbols. 
toms of the SO; molecule form water, therefore 


lanced equation, we mean one which 


-L § (UNBALANCED) 


We cannot alter any of thes! 


Now, both the oxygen atoms 9' 
2H,0 must be obtained. This gives: 
ILS + S0: > 2H,0 +5 (UNBALANCED) 
s H * 
‘The 2H,0 on the right now requires 2H5, which must be provided by taking 
2 
2H;S. This gives: 
2H5S + SO; 
We now have, on the left, 2 
the HS) and S from the SO2» 
balancing is complete. 
2H,S + SO: 


Some such balancing proce 
become so familiar with frequ' 


> 2H,0 +S (UNBALANCED) 


S from the 2H;S (remember the 2 multiplies «// 
therefore we must have 3S on the right and the 


—»2H,0 + 38 (balanced equation) 


ss is necessary for all equations, but many of them 
ent use that they can be set down correctly at once. 
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Deriving equations from experimental work 


If it is important to establish the nature of the substances involved in a chemical 
reaction it is also important that the mole proportions in which those substances 
react is determined. The mcle ratio in which the reactants combine, together 
with the mole ratio in which. the products are formed, is known as the 
stoichiometry of the reaction. The following experiments are designed to establish 
the stoichiometry of a few chemical reactions. 


Experiment 25 


Stoichiometry of the reaction between magnesium and hydrochloric 


acid 


Many metals displace hydrogen from dilute 
acids. For experimental purposes, magnesium 
is convenient because it reacts rapidly. with 
either dilute hydrochloric or dilute sulphuric acid 
atroom temperature. The Purpose of the present 
experiment is to determine (given Mg = 24 
and H = 1.008) what numbers of atoms of 
magnesium and hydrogen displace one another 
in the reaction. Magnesium is weighed normally 
on a chemical balance but hydrogen (being the 
lightest known gas) is more conveniently 
measured by volume and converted to mass 
from the fact that one dm? (litre) of hydrogen 
at s.t. p. weighs 0.09 g. 

Weigh a small watch-alass, then put on to it 
about 0.25 g of cleaned Magnesium ribbon and 
weigh again. Obtain the mass of the metal by 
difference, Without the conical flask in position 
(Figure 27), fill the siphon tube with water by 
blowing gently into the short tube attached to 
the aspirator. Close the clip and place the 
delivery tube in the measuring cylinder, (This 
Procedure is necessary because at the end of 


magnesium 


the experiment the siphon tube will be filled 
with water and, if it were left empty at the start, 
the volume of water delivered would be too 
low.) Using a funnel (to keep acid away from 
the upper sides) pour about 30 cm? of dilute 
hydrochloric acid into a conical flask, carefully 
place the weighed magnesium as shown and 
Connect the conical flask to the aspirator 
(supporting it suitably). 

Open the clip. If the apparatus is airtight, 
water will flow for a second or two, then stop. 
(If it continues longer a leak exists and must be 
remedied.) Shake the magnesium into the acid. 
When all the metal has dissolved, allow time for 
the apparatus to cool. Then adjust the levels of 
water in the measuring cylinder and aspirator 
to equality (by raising or lowering one of the 
twoasrequired). This gives atmospheric pressure 
in the aspirator. Read the volume of water in the 
measuring cylinder, after closing the clip and 
removing the cylinder. This volume is also the 
volume of hydrogen liberated. Room temper- 
ature and the barometer reading are required. 


siphon tube 
full of water 


| 
| 
=. 


Note: This experimcat may be alter 


See Experiment 28. 


Specimen readings 
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natively carried out by a ‘syringe’ method. 


Mass of magnesium = 0.260 g 
Volume of hydrogen = 252 cm? 


Room temperature = 


10°C 


Barometer reading = 752 mm (corrected for vapour 


1. Reduce the volume of hydrogen t 
pats _ Pata 
T, 


From this, 0; = 


pressure of water) 


o s.t.p. (see Chapters 3 and 12) 
752 x 252 .. 760 X t4 


283 213 


2 
752 x 252 x 273 
752 x 252 X ZI _ 240.5 cm? 
283 x 760 non 


2. Find the mass in grammes of this volume of hydrogen 


1000 cm? of hydrogen at 


s.t.p. weigh 0.09 g 


Bo 1 cm? of hydrogen at s.t-p- weighs 0.00009 ¢ 


and 240.5 cm? of hydrogen at S. 


Approximating slightly on 
displaced. by 0.260 g of magn 
hydrogen and magnesium to be 
of hydrogen and magnesiu 
0.0217 


This is an almost exact ratio of 
displaced two moles of hydrogen 


molecule is diatomic, this correspon 
Mg 2 H,SO4 


„t.p. weigh 0.00009 x 240.5 g 


or 0.02165 g 


the experimental results: 0.0217 g of hydrogen are 
esium. Assuming the relative atomic masses of 
1.008 and 24 respectively, the number of moles 


m which replace one another are: 


or 0.0215 and 0.0108. 


2:1 in moles, ie., one mole of magnesium has 
atoms from the acid. Since the hydrogen 
ds to the equation: 
—> MgSO. + Ha 


e Mm me RR 


Experiment 26 


Stoichiometry of the reaction betwee! 


Sulphate solution 


Crush a quantity of copper(I!) sulphate crystals 
(about § g) in a mortar and dissolve them in 
Water in a beaker, warming to hasten the 
Solution, Weigh a small watch-glass, add a few 
Strips of pure zinc foil (mass about 1 g) and 
Weigh again. The mass of the zinc can be 
obtained by difference. Put the zine into the 
copper(II) sulphate solution. Immediately the 
Zinc becomes coated with a red film of Copper 
and, on stirring, the copper falls to the bottom 
Of the beaker, After a while the of the 
zinc will have disappeared and there will be a 
layer of red metallic copper on the bottom of the 


n zinc and copper(I!) 


beaker. (More copper(!1) sulphate crystals can 
be added if the colour indicates that the solution 
is dilute.) 

Filter off the copper using a weigh: 
paper and wash the small Pardon at cours 
adhering to the beaker into the filter paper by 
means of a jet of water from a wash-bottle, 
Wash the copper several times with hot di: 
tilled water, and finally two or three times Sh 
methylated spirit (care being taken t E. 
tinguish any burners likely to set fire 2 a E 
spirit). Allow the copper to dry and i ts 
together with the filter paper. Been 
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Specimen calculation 


Mass of zinc used = 0.920 g 
Mass of copper displaced = 0.890 g 
H 0. 890 
Given Zn = 65 and Cu = 63.5, = moles of zinc atoms displaced s moles 


of copper atoms. That is, the number of moles of zinc and copper atoms con- 
cerned is equal at 0.014 approximately. This is in accordance with the equation: 


Zn + CuSO, —> ZnSO, + Cu 
in which one atom of zinc replaces one atom of copper. 


Experiment 27 
Stoichiometry of the reaction between barium chloride solution and 


Figure 28 


When barium chloride solution and potassium 
chromate solution are mixed together an instant 
precipitate is formed; the precipitate is barium 
chromate. The purpose of the experiment is to 
determine the mole proportions in which the 
two reactants combine together. 

Because the reaction takes place in solution it 
is necessary to know what the concentrations 
of the two solutions are. You will bé provided 
with molar solutions of each reactant (which 
means that 1 dm? of each solution contains one 
mole of substance; see Chapter 15). 

Arrange a series of test-tubes (six would be a 
convenient number) in a test-tube rack, as 
indicated in Figure 28. 

The test-tubes should be selected for uniform 


Internal diameter, and should preferably be of 
size 125 x 16 mm. Into each test-tube run 
exactly 5.0 cm? molar barium chloride solution 
from a burette. If possible the test-tubes should 
be heated in a beaker of hot water immediately 
prior to the addition of the solution. From a 
second burette containing molar potassium 
chromate, run into the first test-tube 2.0 cm? 
of solution and stir with a glass rod. Into tho 
remaining test-tubes run successively volumes 
of 3.0 cm?, 4,0 cm?, 5.0 cm?, 6.0 cm?, and 7.0 
cm? of molar potassium chromate and stir each 
tube after the addition. Allow the precipitate of 
barium chromate to settle and inspect tho test- 
tubes as follows. 


—  —À—————— UM M —— À—— M—ÀÀ——À— I 


(1) Observe the tube which contains excess potassium chromate solution, as 
revéaled by the yellow colour of the solution above the precipitate in the tube. 
Since potassium chromate is in excess, it is in the previous test-tube that the AS 
solutions are reacting together in the proportion demanded by the equatio 
Thus if in the last test-tube no yellow solution above the precipitate occu, n. 
addition of 5.0 cm? potassium chromate to 5.0 cm? barium chloride, the E OU 
the solutions are both mo/ar solutions, the two substances must ie n, since 
e Aquila proportions. 

r the ipit: i let 
Q Precipitates in the test-tubes have been allowed to settle (which 


Teacting 


P *« 
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may take some time), measure the height of the precipitate from the bottom of 
the tube (Figure 29). It will be seen that the height of the precipitate increases 
with increasing volumes of potassium chromate solution added up to a certain 
volume, after which the addition of more potassium chromate solution does not 
cause any further increase in the quantity of precipitate. The point at which the 
two substances are therefore reacting in their stoichiometric proportions is given 
by the test-tube in which the height of precipitate first reaches the maximum 


value = tube number 4 in Figure 29. 


Figure 29 


Before the equation may be written for this reaction it should strictly be neces- 
sary to identify all the products by chemical methods. This is difficult to do at 
this stage, and so you should assume that the reaction taking place is: 


barium chloride + potassium chromate 


—> barium chromate + potassium chloride 


(precipitate) 


You should now be able to write the full chemical equation. 


Experiment 28 


To write an equation for the reaction between sodium carbonate 


and hydrochloric acid 


In. this reaction it is accepted that the gas 
evolved when the sodium carbonate reacts with 
dilute hydrochloric acid is carbon dioxide, and 
that sodium chloride is formed along with 
water, The problem remaining to be solved is 
that of establishing the amount of carbon 
dioxide that is evolved from a given amount of 
Sodium carbonate. 

Weigh accurately a sample of anhydrous 
Sodium carbonate of approximately 0.2 g and 
Place it in a small test-tube. Carefully lower 
the small test-tube into a much larger tube 
Containing approximately 20 cm? 5M hydro- 
Chloric acid (this acid will probably have already 
had a small quantity of sodium carbonate added 
to it by the teacher, so that the solubility of the 
Carbon dioxide evolved in the reaction will be 
Very small). The largé test-tube is connected 
to a gas syringe, of capacity 100 cm, by a right- 
angled glass tube as shown in Figure 30. Note 
the reading on the gas syringe. Tip the large 
test-tube so that the acid mixes thoroughly with 
the sodium carbonate, and carbon dioxide is 


evolved which pushes back the piston in the 
syringe. When evolution of the gas ceases, read 
the syringe, and obtain the volume of carbon 
dioxide evolved by subtraction of the original 


reading. 


Figure 30 
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Specimen results 
Mass of anhydrous sodium carbonate = 0.210 g 
Volume of carbon dioxide evolved — 47 cm? 
Room temperature = 10 °C 


Calculation 

1. Number of moles of sodium carbonate 

The formula of sodium carbonate is Na,CO3, Taking the relative atomic masses 
as follows: Na=23, C= 12, and O= 16, the molar mass of sodium 
carbonate, Na,CO; = (2 x 23) + 12 + (3 x 16) = 106. 

0.210 


Hence number of moles of sodium carbonate = 705° 


= 0.002 mole 
2. Number of moles of carbon dioxide evolved 

Reduce volume of carbon dioxide to s.t.p. (see Chapter 3). 

The carbon dioxide volume is measured at standard pressure (approximately) 
and therefore the major correction to be made is that due to temperature. 

The volume of carbon dioxide at 0 °C would be 

47 x 273 
283 

Now 22.4 dm? of any gas at s.t.p. contains one mole of gas. 
4... 45.4 cm? of carbon dioxide at s.t.p. contains 


45.4 
24x10 ^ 0.002 mole 


Hence one mole of sodium carbonate produces one mole of carbon dioxide. 
It is now possible for the equation to be written. ibed 

Note: Experiment 25 may be carried out by a syringe method, as describe 
above, 


= 45.4 cm? 


State symbols in equations 


It was mentioned earlier (page 56) that it is possible to indicate through E 
equation the states of matter in which the substances are present. This is ie TA 
done by using so-called state symbols which are placed after the pug phus 
substance in the equation, and are usually enclosed in parentheses. 


below gives the principal state symbols. 
EM n LE eae 


State of the State symbol. 
substance 
Solid T 
Liquid 
Gas a g 
Aqueous solution aq 


n oO 


i i i i d lead nitrate soluti 
Thus, the reaction between sodium chloride solution en solution 
to give a precipitate of lead(II) chloride may be written: 
2NaCKag) + Pb(NOs)a(aq) — PbCI;(s) + 2NaNO;(ag) 
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and the equation for the burning of ethanol (C;H;OH) in air may also be written: 

. C:HsOH(l) + 302(g) — 2CO2(g) + 3H;O(g). 

It is not conventional to write equations with ‘halyes’ in front of species such as 

the oxygen molecule in the above equation, since it is said that ‘half a molecule’ 

of oxygen cannot exist. In such cases the equation is often rewritten as: 
2C,HsOH()) + 70;(g) — 4CO2(g) + 6H;O(g). 

Note that if the products of. the burning of alcohol are collected in a cooled 
receiver the water may be in the liquid form, and the equation would then read: 
2C,H5OH(l) + 70;(g) — 4CO:(g) + 6H20() 
which obviously conveys more information than the simple equation without 

the state symbols. 

Tn order to draw the readers' attention to the fact that either a precipitate is 
formed in a reaction or a gas is evolved, an arrow has been used in the vertical 
position by some authors, the arrow pointing down for a precipitate and up for 
a gas, and placed immediately after the formula for the substance. Two examples 
are given below. : R 

1. A precipitate of copper(II) sulphide is obtained by passin 
sulphide gas through an aqueous solution of copper(II) "Res IRES 

CuSO, + H,S— CuS} + H50, 
This is clearly not so informative as z 
CuSO,(aq) + H2S(g)— CuS(s) + H2SO,(aq) 

2. Carbon dioxide is evolved when dilute hydrochlorie~acid reacts with 
calcium carbonate. 

CaCO, + 2HCI — CaCl, + C 


which, in turn, is not sousefulas —— . 
CaCO,(s) + 2HCl(ag). > CaCl;(ag) + CO;(g) + H50() 


The interpretation of chemical equations in a quantitative manner is a most 
important feature of modern chemistry, and it is the subject of Chapter 7. 


T H0 


Questions 


A Variety of questions on quantitative aspects 
Chemical equations will be found.at the 
end of Chapter 7. 


i Write down: balanced ‘equations for the 
rowing reactions: (a) the action of heat on 
co lead (Pb;0;); (b) the action of warm 
gancéntrated hydrochloric acid on man- 
con SelV) oxide; (c) the action of warm 
2 Neentrated sulphuric acid on copper. (S) 

(a rite equations for the action of heat on 
tthe On(II) sulphate; (5) a mixture of sodium 
ofsapate and sodium hydroxide in the form 
Centre Ime; (c) ammonium nitrate; (d) con- 

Fated nitric acid. (S. 


3; 
Maye B of the metal manganese (symbol 
chores added to 100 cm? of molar hydro- 
Ri Ges acid (an excess of acid). The man- 
Mea: Se dissolved and 436 cm? of hydrogen. 
“Sured at room temperature and | atm 
"re, were produced. 


(a) Use the inforraation given to write an 
equation for the reaction between man- 

nese and dilute hydrochloric acid. 

(6) Some hydrochloric acid will remain 
when all the manganese has dissolved. What 
volume of molar sodium hydroxide will be 

uired to neutralize the acid remaining? 

(© After the solution of manganese in 
dilute hydrochloric acid has been neutralized 
with sodium hydroxide, it is possible to 
deposit the manganese by electrolysis. What 
is the minimum time for which a current of 
1 ampere must be passed through the solu- 
tion to deposit all the manganese present? 

(One mole of gas at room temperature and 
one atmosphere pressure occupies approxi- 
mately 24 dm?.) (L.) 


4. On heating, 8.5 g of a white crystalline 
compound gave 5.4 g of silver, 2.3 g of 
nitrogen dioxide, and 560 cm? of oxygen 
(measured at s.L.p.) as the only products. 
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(a) (i) Calculate the’ mass of the white 


dioxide and silver formed at the same 
time. 

(iii) How many moles of silver, nitro- 
gen dioxide (as INO;), and oxygen are 
produced in (a) (i) and (a) (ii)? 

(b) Suggest a formula for the white com- 
pound and write the equation for its de- 
composition. 

(c) The boiling points of nitrogen dioxide 
and oxygen are 22 °C and —183 °C respec- 
tively. Draw a labelled diagram of the 
apparatus you would use to obtain separate 
Samples of nitrogen dioxide and oxygen 
from the white compound. 

(d) What would happen if the gases formed 
on heating the white » compound were 
(i) passed through a long tube filled with 
heated copper turnings, (ii) passed into a 
solution of sodium hydroxide? (C.) 


5. When copper(II) sulphate! crystals are 
heated, the water of crystallization is evolved. 


CuSO..5H;O + CuSO, 4- 5H;O 


Calculate the mass of anhydrous copper(II) 
sulphate which can be obtained from 25.0 g 
of crystals. (Relative atomic masses: 
H = 1; O = 16; S = 32; Cu = 64) 

When 16.0 g of anhydrous copper(II) 
sulphate are heated strongly for about 30 
minutes mass is lost until only 8.0 g of 
solid remain. Name the remaining solid. 

Write a possible equation for the reaction. 
(J.M.B.) 


6. This question is about a set of experiments 
in which magnesium was added to 2 molar 
hydrochloric acid. A fixed mass of .mag- 
nesium (0.6 g) was used in each experiment 
but a different volume of acid was chosen 
each time. A gas was formed and its volume 
was measured at room temperature and 


pressure. The results of the experiments are 
given in the table below. 


Volume of 2M HCl. Volume of gas 


used in cm? formed in cm* 
5 120 
15 360 
25 '600 
35 600 
45 r - 600 


(a) Name the gas formed in this experi- 
ment and mention one property whic 
could be used to identify it. 

(b) Plot a graph of volume of gas formed 
against volume of acid used. Volume of gas 
formed should be plotted along the vertical 
axis, 

(c) Use your graph to predict: (i) the 
volume of gas produced if 50 cm? of 2M 
HCl is added to 0.6 g of magnesium, (ii) the 
volume of 2M HCI which must be added to 
0.6 g of magnesium to produce 480 cm? o 


gas. 

(d) Use your graph to find the volume of 
2M HCI which would just dissolve 0.6 g of 
magnesium. You must explain clearly how 
you have used the graph. aoe 

(e) Use the experimental results to predict: 
(i) the volume of 2M HCI which would just 
dissolve 1 mole of magnesium atoms, (ii) the 
volume of ‘gas which ‘vould be formed when 
1 mole of magnesium atoms dissolves In 
hydrochloric acid. r 

(f) Use your answers in part (e) to write 
an equation for the reaction between mag- 
nesium and hydrochloric acid. You must 
show clearly how you have used the informa- 
tion from part (e). (L.) $ 
7. Explain the use of a chemical equation 
and the information which it conveys. ^, . 

Give equations representing three chemical 
reactions and state the exact meaning of each 
equation. (O. and C.) 


1 4 B. ` i 
7 Calculations involving 
Masses. 


We have seen in Chapter 6 that every definite chemical reaction can be repre- 
sented by means of an equation. In Chapter 4 the question of relative atomic 
masses was considered, In the present chapter we shall combine the knowledge 
obtained in both and show how a quantitative meaning can be assigned to a 
equation in terms of the commonly used mass units ~ more particularly the 
scientific unit, the gramme. " 


To calculate the formula mass of a compound from its molecular 
formula 

We have noted that the formula of a compound indicates the kind of atoms 
present in the substance and their number; thus the formula H5SO,, for sul- 
phuric acid, indicates that one molecule of the acid contains 2 atoms of hydrogen, 
latom of sulphur, and 4atoms of oxygen: The relativeatomic mass of each of these 
elements is known and can be obtained from tables. The formula mass of sul- 
phuric acid can now be calculated by allowing the appropriate number of mass 
units for each element present and adding to obtain the total. (H — 1; S — 32; 


0 = 16.) 
Thus 
Hz S 0, 
QxD--3-T(x19 
=2 +32 +64 


= 98 = formula mass of sulphuric acid 


EXAMPLE. Calculate the formula mass of red lead oxide, Pb;0,. (Pb = 207; 


0 —16) 
Pbs 0, 
G x 207) + (4 x 19) 
= 621 + 64 
— 685 — formula mass of red lead oxide 


If the formula of the compound contains bracketed acid radicals, it will be 
simpler and more accurate for you to remove the brackets first and then proceed 


as above. 
EXAMPLE, Calculate the. formula mass of calcium nitrate, Ca(NO3)>. (Ca — 40; 
N = 14; O = 16) 


Ca(NO3); 
or CaN,0¢ 
40 +(2 x 14) +6 x 16 í 
40 + 28 + 96 


164 — formula mass of calcium nitrate 
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Later, with practice, you will be able to carry out the removal of the bracket 
mentally. 

It is also possible to calculate the mass of each element present in a given mass 
of compound from its formula. This information is usually stated as the per- 
centage composition of the compound. 


To calculate the percentage by mass of each element present in a 
compound from its formula 


EXAMPLE. Calculate the percentage by mass of each element in calcium sulphate, 
CaSO,. (Ca = 40; S = 32; O = 16.) 
First calculate the molar mass of calcium sulphate. 


CaSO, 
40 4- 32 + (4 x 16) 
= 40 + 32 + 64 
= 136. 


40 of these 136 units of mass are calcium, that is, the fractional mass of calcium 


in calcium sulphate is 40/136. Then the percentage mass is P X100 or 29.4. 


lus ; 2 
Similarly the fractional mass of sulphur is Ed and the percentage is i x 100 
or 23.5, 


, The percentage mass of thé third element, oxygen, need not be calculated as it 
is given by the expression 100 — (% of calcium + % of sulphur), 


or 100 — (29.4 + 23,5) 
= 47.1 


These calculations can be set out completely as below. 


EXAMPLE. Calculate the percentage composition of calcium hydroxide, Ca(OH)>. 
(Ca = 40; O = 16;H = 1.) 


Ca(OH), 
or CaO,H, 
40 + (2 x 16) + (2 x 1) 
40 4-32 4-2 


40 
Calcium. .. Fractional mass 74 Percentage mass = x 100 = 54.1 


32 32 
Oxygen. Fractional mass 7. Percentage mass 73 X 100 = 43.2 


Hydrogen. Percentage mass = 100 — (54.1 -+ 43.2) = 2.7 


It is also possible to calculate the formula of a compound from its composition 
by mass. 


To calculate the simplest formula of a compound from its 
composition by mass 


This calculation is illustrated by the following worked example, 
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EXAMPLE. Calculate the formula of a compound which has the following per- 
Ge composition: sodium 43.4, carbon 11.3, oxygen 45.3. (Na = 23; C = 12; 

= 16) á ^ 
The fact that the relative atomic mass of sodium is 23 means that every 23 parts by 
mass of sodium in the compound represent one atom of sodium. 


E 43.4 
Thus 43.4 parts by mass of sodium represent 733 atoms of sodium. Similarly 
for the other elements present: 


1 
11.3 parts by mass of carbon represent qa atoms of carbon. 


45. 
45.3 parts by mass of oxygen represent E atoms of oxygen. 


;. Number of atoms represented is: 


sodium carbon Oxygen 
43.4 11.3 45.3 
23 12 16 
or 1.89 0.94 2.83 


These cannot be the actual numbers of atoms present because fractions of atoms 
ure impossible. We have to find the whole numbers which are in the ratio 
1.89: 0.94: 2.83. To do this, divide all these figures by the lowest or, if this does 
not result in a whole number ratio, by the smallest difference. Then the number 


of atoms of each element is: 


sodium carbon oxygen 

1.89 0.94 2.83 

0.94 0.94 0.94 
2 1 3 


or 
That is, the formula is NazCO3. 


The calculation is set out compactly in the following example: 
EXAMPLE. Calculate the formula of a compound which has the composition: 
magnesium 9.8%, sulphur 1396, oxygen 26%, water of crystallization 51.2%. 
(Mg = 24; S = 32; O = 16; H,O = 18) 


Ő 
Oxygen Water 


Magnesium Sulphur 
% by mase 9.8 13 us 51.2 
Ratio of atoms or 9.8 — 0.408 13 = 0.406 = 1.63 512 2.04 
molecules 24 1 18 
Divide by smallest (or 0.408 0.406 1.63 2.84 
smallest difference) 0.406 0.406 0.406 0.406 
1 1 4 7 


+ the formula is M 150,.7H;O 


Empiri lecular Formulae are ascussed on page 113. 

Nae N error nearly always results in a small deviation from whole 
numbers when calculations such as those outlined above are carried out. It is 
accepted practice to ‘round these values to the nearest whole number. 
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We have seen already that the equation: 
cuO + HS0, — CuSO, + H20 
(63.5 -- 16) (2 +32 +64) (63.5 + 32 + 64) (2 + 16) 
19:5 98 159.5 18° 
means; ‘one mole of copper(II) oxide reacts with one mole of sulphuric acid 
producing one mole of copper(II) sulphate and one mole of water’. 

The appropriate formula masses having been inserted, as above, it also means 
that 79.5 parts by mass of copper(II) oxide react with’ 98 parts by mass of sul- 
phuric acid, producing 159.5 parts by mass of copper(II) sulphate and 18 parts 
by. mass of water. These ‘parts by mass’ may be any desired mass units — tonnes, 
ounces, pounds, kilogrammes — provided that the same unit is used throughout. 

Obviously, the figures given by the equation can be used to calculate any 
required information about the masses of the four substances concerned. 


EXAMPLE, What mass of copper(II) sulphate could be obtained by starting with 
10.g of copper(II) oxide? 


From the equation, 79.5 g copper(II) oxide yield 159.5 g copper sulphate. 
~<. 10 g copper(II) oxide yield 159.5 x As g copper(II) sulphate 
= 20.1 g copper(II) sulphate 


EXAMPLE. What mass of pure sulphuric acid would be needed to react with 15 
tonnes of copper(II) oxide? 


From the equation, 79.5 tonnes of copper oxide need 98 tonnes of sulphuric acid. 
; 15 e 
.. 15 tonnes of copper(II) oxide need 98 x 79.5 tonnes of sulphuric acid 


= 18.5 tonnes sulphuric acid 
This means that equations have now been Biven a quantitative meaning in 
terms of ordinary mass units, instead of simply in terms of atoms and molecules. 
This makes them extraordinarily useful for making calculations of the masses of 
materials needed for chemical reactions and the masses of products guieisatie. 
Chemical manufacturers base all their calculations of masses of materials oi 


equations. 


Insertion of formula masses into the equation 


Here, it is very desirable to remember that it is unnecessary to insert the fore 
masses of any materials unless they are actually concerned in the calculatio! 


are performing. — T 
ao for example, this problem. 


5 rs ; * d by 

Calculate the mass of calcium nitrate which would be forme IU, 

Eh De dU grammes of calcium hydroxide, Ca(OH)a, with excess of dilute nitri 
treati 


acid. (Ca = 40; O = 16H —1) 


ced equation is: 
Here the balan Ca(Orl); + 2HNO; > Ca(NO;); + 2H,0 
]cium nitric calcium water 
rm droxide acid nitrate 
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In the problem, the only two substances mentioned quantitatively are calcium 
nitrate, of which a mass is to be calculated, and calcium hydroxide, of which the 
mass is given. (Nitric acid is only mentioned as ‘excess’.) The only formula 
masses we need insert are, therefore, those of calcium nitrate and calcium 

| hydroxide. 2HNO, and 2H;O may be ignored once the equation has been 
balanced, because the problem is not concerned with them. 

O Wo get, 

| Ca(OH), + 2HNO; — Ca(NO;); + 2H30 


40 4-32 --2 40 + 28 4- 96 
74 164 


From the equation, 74 g calcium hydroxide yield 164 g calcium nitrate, j 
t 


148 4 
-. 148 g calcium hydroxide yield 164 x 74 E calcium nitrate 


= 328 g calcium nitrate 


EXAMPLE. Calculate the mass of lead which would be obtained by heating 34.25 g 
of red lead oxide in a stream of hydrogen and the mass of water formed at the same 
time. (Pb = 207; H = 1; O = 16.) 
Writing the balanced equation and inserting the formula masses of the materials 
concerned in the calculation, we have: 

Pb40, + 4H; — 3Pb + 4H,0 


red lead 
oxide 


4(2 + 16) 
685 621 72 


(i) From the equation, 685 g red lead oxide yield 621 g lead. 


UE 34.25 
<. 34.25 g red lead oxide yield 621 x 35 E lead 


— 31.05 g lead 
(ii) From the equation 685 g red lead oxide yield 72 g water. 


rj je 34.25 
-. 34.25 g red lead oxide yield 72 x "gas E Water 


— 3.6 g water 


Questions 


l. How many tonnes of copper could be (a) Sodium hydrogencarbonate NaHCO, 


(b) Calcium chloride CaCl, 


Obtained by di n from cop- 
displacing copper 
peat) Sulphate solution by 16.25 tonnes of 
& What'mass of sodium oxide, Na2O, could 
made from 1.15 g sodiuin? 
2. Find the empirical formulae of the 


followin ii si- 
i m their compo: 
tions bee. pemeounds froi 


90: Cl 52.296 


> Calculate the by mass of 
o] percentage $ 
Clement in the following compounds: 


im 


(c) Ammonium sulphate (NH4);SO, 

(d) Sodium thiosulphate Na;S;O; 
5. What mass of dilute nitric acid (contain- 
ing 1076 of the pure acid) will be required to 
dissolve 5 g of chalk, calcium carbonate ? 
6. How many grammes of hydrogen sulphide 
would be necessary to precipitate 7.5- 
grammes of copper sulphide from a cop- 
per(II) sulphate solution ? 
7. 76.5 g of sodium hydrogencarbonate were 
heated strongly. What mass of carbon di- 
oxide was obtained? If a dilute acid had been 
added, what mass of carbon dioxide would. 
have been obtained in this case? 


i£ 
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8. What mass of nitrogen dioxide could be 
obtained by heating 11.1 g of lead nitrate? 
9. 50 g of ammonium chloride were heated 
with 40 g of calcium hydroxide. What mass 
of ammonia gas would be evolved? Which 
of the reagents is in :xcess and by how much? 
10. How many grammes of hydrochloric 
acid, containing 20% by mass of hydrogen 
chloride, would be required to dissolve 13 g 
of zinc? (J.M.B.) 

11. Give a brief account of the chemical 
reactions involved in the extraction of iron 
from its ores. 0.1867 g of a sample of iron 
containing carbon as an impurity was dis- 
solved in dilute sulphuric acid, filtered, and 
the filtrate heated with a slight excess of 
concentrated nitric acid. An excess of 
ammonium hydroxide solution was then 
added to the solution and the resulting pre- 
cipitate was filtered off, washed, dried, and 
finally heated to redness until the mass was 
constant. The mass of the product was 
0.2600 g. Give the reactions involved in this 
process and calculate the percentage of iron 
in the original sample. (Fe = 56.) (L.) 

12. Find the simplest formula of a substance 
whose percentage composition is hydrogen 5, 
nitrogen 35, oxygen 60. (S.) 

13. Describe the action of water (or Steam) 
upon (i) calcium oxide, (ii) sodium, (iii) mag- 
nesium. , 

When 3.18 g of copper(I) oxide were 

carefully heated in a stream of dry hydrogen, 
2.54 g of copper were formed and 0.72 g of 
water was collected. From these figures cal- 
culate the mass of hydrogen which combines 
with one mole (16.0 g) of oxygen atoms. (O.) 
14. When 3.56 g of a hydrate of copper(II) 


were heated to constant mass, 320g 
sapine hydrous salt remained. The hydrate 


of the an 

a CuSO. .xH29. s Calculate 
n bye (Relative atomic masses: 
Het0 0^ 160, $—320, Cu= 64.0.) 
ET grammes of an oxide of lead were 


5 grammes of the metal. 
reduced to iro of the oxide. (S) 


4.2 grammes of oxide. 
het Aem ur ihe reaction: (Relative 
fX = 31) (2 p yip 

mass Ol 

he percentage y 
j^ Calculate m sulphate. (S. 
of one important ore of 


ctal may be 


18. Give the name ns hem 


iron, and state bricfly ho 


obtained: from it. Describe the reaction of 
iron with (a) chlorine, (5) copper(]]I) sulphate 
solution. 3 

Calculate the mass of sulphur which com- 
bines with 3.5 grammes of iron, and the 
volume of hydrogen sulphide (measured at 
s.t.p.) which would be evolved if the whole of 
the product was treated with excess o! 
hydrochloric acid. 


19. An oxide of lead was weighed in à 
porcelain boat and it was then reduced to 
lead by heating it in a stream of hydrogen: 
The boat with the lead in it was then allowe! 

to cool with the hydrogen still passing ovet 
it, and it was then weighed, It was reheatec 
in hydrogen, recooled, and reweighed until 
a constant mass was attained for the boat 
and the lead. 

The following weighings were obtained: 

Mass of boat = 10.20 g 
Mass of boat -+ lead oxide = 17.37 g 
Final mass of boat + lead = 16.41 g 
(Relative atomic masses: Pb = 207.0, 
O = 16.0.) 

(a) Name a drying agent which could be 
used to dry the hydrogen used in the experi 
ment. 

(b) Why was (i) the boat cooled with the 
hydrogen still passing over it, (ii) the experi- 
ment repeated until a constant mass was 
attained? 

(c). (i). What mass of lead was produced 

in the experiment ? Re 

(ii) What mass of oxygen was origin- 
ally combined with this mass o! 
lead? 

(iii) Calculate the mass of oxygen 
which combines with 1 mole of 
lead. 

(iv) How many moles of oxygen com- 
bine with 1 mole of lead? . 

(v) Write the formula and the name 
of the oxide of lead uscd in the 
experiment. 


(d) In a second experiment 4.14 g of load 
was obtained from 4.46 g of another oxide 
of lead. : 

i Iculate how many moles of oxyge! 

wv Cane with 1 ble of lead to form 

this oxide. his 

Gi) Give the name and formula of t 

oxide. (J.M.B.) 
20. How many grammes of sodium carbon 
ate can be obtained by heating 4.2 gramm 3 
of sodium hydrogencarbonate until © 
further change in mass occurs? (SJ 


—— ———— ———— ]jaáÜ 
8 Atomic Structure 


It seems fairly certain that for most of the nineteenth century atoms were re- 
garded as very small spherical particles like a very minute lead shot. It was believed 
that no smaller particle could exist, and that atoms were solid and homogeneous, 
This state of affairs was very greatly changed in the first half of this century, 
mainly by the pioneer work of Lord Rutherford. 

It is now believed that atoms are themselves built up from many smaller 
particles, three of which are of direct interest to the chemist. These are the proton, 
the electron, and the neutron. The proton is a positively charged particle of S 
about equal to that of a hydrogen atom. The electron is negatively charged, its 
charge being equal but opposite to the charge on a proton. It has a very small 
mass, about 1/1850 of the mass of the proton. The neutron has no charge, and 
its mass is about equal to the mass of a proton. s 


Charge Mass (?2C = 12.000) 
proton +1 ] 
electron —i 1/1850 
neutron nil 1 


Discovery of these particles 
Electrons. 1n the late nineteenth century, a great deal of work was done on the 
effects of electrical discharge at very high voltage (by induction coil) through 
elementary gases at very low pressure. This led to the discovery of cathode rays, 
These emerge at right angles to the cathode and travel in straight lines. If passed 
through an electrostatic field, they are deflected away from the negative plate, 
Le., they are negatively charged. The rays can exert mechanical pressure and 
convey substantial amounts of kinetic energy so that a metallic object ori which 
they impinge will be heated and may even disintegrate. From these facts, it was 
concluded that cathode rays consist of a stream of negatively charged particles 
-1), These particles were given the name of 


in rapi ion (about 107 m s 
Bises er d produced by all known gases and have been shown to have 
a mass of 9.1 x 107?" g and a charge of 1.6 x 1077? coulomb. 

At the same time, positively charged particles leave the area of the anode, 
their nature depending on the identity of the gas used. Hydrogen, for example, 
Yields hydrogen ions, H+. The effect of the discharge is to ionize hydrogen 
atoms i drogen ions. 

P coe ee AL do Sfi: experiments early this century, än which 

Ydrogen was bombarded by fast alpha-particles (helium ions, He’*) from a 
radioactive source. He found that very penetrating particles were produced, of 
Approximate mass 1 and carrying an electrical charge equal to that of the elec- 
tron, but positive. The particles were named protons and are, in fact, the same as 
the positive particles produced in 2 hydrogen discharge tube (above). Alpha- 
Particles ionized hydrogen atoms by knocking out electrons from them. 


H—H*-e- 
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Neutrons were discovered (1932) as a very penetrating radiation knocked out 
of boron nuclei when this element was subjected to the action of alpha-particles 
from the radioactive element, polonium. A neutron has very nearly the same 
mass as a proton but no electrical charge. This lack of electrical pro- 
perties explains why neutrons were detected so much later than electrons and 
protons. 


Arrangement of these particles in the atom. Nuclear Theory 


In 1906, Rutherford noticed that if a stream of alpha-particles was passed, as a 
very thin pencil, through gold leaf (of thickness about one-millionth of a 
centimetre) and then on to a photographic plate, a certain scattering of the 
alpha-particles was evident. Later (1909) Geiger and Marsden studied this | 
Scattering more accurately and extended the observations by using a zinc 
sulphide screen on a rotating arm (Figure 31). The screen scintillates when an 


lead shield gold leaf 


Figure 31 


alpha-particle strikes it. It was found that the straight-line path of the great 
majority of the alpha-particles was little affected by the gold leaf but about one 
in 8000 of them was deflected through an angle of 90* or more from its original 
direction. Rutherford commented later that, considering the thinness of metal 
used and the high velocity and mass of the alpha-particles, these large deflections ` 
were ‘about as credible as if you had fired a fifteen-inch shell at a piece of tissue 
aper and it came back and hit you’. Rutherford deduced that these few large 
Fefiections of alpha-particles required atoms of gold to contain a region (the 


hich: sas, . T 
trey charged because it repels the positively charged alpha-particles; 
; y massive and highly charged because the deflections are large; 


is relativel 4 
Lade y a very small space because so very few alpha-particles are 


3. must Occup. 


mang to the nuclear theory of Rutherford, the protons and neutrons of 
tom à “concentrated into the nucleus which is, therefore, positively charged 

and rea iv massive but minute. The clectrons, equal in number to the proton? 

and so maki the atom electrically neutral, are outside the nucleus. The whole 

bal at cae defined by the outermost electron ring, is very great compare 
ulk o 2 

vith that of the nucleus. 
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Arrangement of electrons in the atom 


Bohr (1913) put forward a theory of electron positioning which is still generally 
accepted for chemical purposes. It was developed originally in connection with 
the hydrogen atom, which contains only one proton (as nucleus) and one elec- 
tron. Bohr suggested the existence of certain circular orbits (or shells) at definite 
distances from the nucleus in which the electron may rotate. These orbits are 
associated with definite energy content of the electron, increasing outwards 
from the nucleus. While the electron adheres to any one orbit (usually the inner- 
most, of lowest energy), the atom radiates no energy. If, however, the atom 
absorbs energy, the electron may jump to one of the outer orbits of greater 
energy. If it later falls back to the inner orbit of lower energy, energy will be 
radiated as light of a definite colour (or frequency). Thus, if several outer, 
higher energy orbits are involved, an optical spectrum should be obtained, 
showing several lines at definite frequencies. Bohr was able to calculate the 
theoretical frequencies for such a spectrum and show that they accorded well 
with observed hydrogen spectra. It is also known that spectra of other elements 


indicate similar electronic orbits in their atoms. 


electrons revolving in orbits 2:81 


Figure 32 


It was known that many cases occurred in which pairs or triplets of spectral 
lines occurred close together, e.g., the two yellow lines of sodium. To explain 
these slightly varying energy levels in the same electron shell, it was suggested 
that some orbits are circular and some elliptical, but this feature can usually 
be ignored for chemical purposes, at any rate at the present level. ‘ 

This, and much subsequent work, leads to the following conclusions: 

1, Several groups of electrons may occur in an atom and each group is known 
as an electron shell. Shells are numbered 1, 2, 3, etc. outwards from the nucleus. 
All electrons in a given shell have approximately equal energy. This energy 


increases in successive shells outwards from the nucleus. W 
2. The maximum possible number of electrons in a shell numbered nis 27?, i.e., 


in successive shells, 2, 8, 18, 32, . . . electrons. s 
3. In the outermost shell of any atom, the maximum number of electrons 


Possible is 8 in Fi 
: p = 2 
A dia, ic representation of a typical atom would be as in Figure 32. 
grammianc rep It consists of a single proton with one 


The simplest atom is that of hydrogen. s i 
electron RE round it. In order of complexity, the simpler atoms are made 
74, neutrons being omitted (see later). 


UP as in the table on page 
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number of neutrons and protons in the nucleus of the atom, and since Z is the 
number of protons (equals the atomic number), then the number of neutrons 
in the nucleus of a given isotope is given by: 

Number of neutrons in the nucleus = (A — Z) 
This is expressed in the example quoted above for the isotopes of chlorine. 


Recent modifications of Dalton’s Atomic Theory 

1. Elements are made up of small, indivisible particles called atoms 

The atomic nature of elements is not disputed. Atoms can, however, no Jonger 
be regarded as indivisible in the full meaning of the term. Radioactive elements 
are spontaneously dividing in the sense that the atomic nucleus is giving out 
particles and so producing two less complex atoms, e.g., radium disintegrates t 
produce two noble gases, helium and radium emanation (radon). 


2Atems of a given element are all exactly alike 4) 
"This statement can no longer be accepted. The phenomenon of isofopy (page 7 e 
contradicts it. Thus, potassium has isotopes 32K and 13K. Both have 19 pe 
protons and 19 electrons, arranged 2, 8, 8, 1, so have the same atomic eh S 
and properties, But the 41-isotope has two extra neutrons on the nucleus and 5 
is the heavier atom. Most elements exhibit isotopy in this way. 


3. Atoms cannot be created or destroyed c sch, 
This statement is still acceptable when applied to chemical reactions, In le p 
apart from electronic changes, atoms react as whole units. The changes associa 
with atomic fission, however, certainly destroy atoms of the element involvi s 
in the sense that the nuclei are broken into smaller units which COUPE m 
simpler atoms, For example, the nucleus of the uranium isotope, U — 23 Sates 
absorb a neutron and then break up into two unequal fragments with m 
numbers of approximately 95 and 140. 


4. Atoms combine in small whole numbers É T 
i is sti rms 
This statement is still acceptable for most elements. Carbon, however, fo i 
very complex compounds of ‘organic’ chemistry (page 328) and the elemen 

silicon occurs in some very complex silicates. 


Questions 
ble of atomic/electronic structure of some elements. 


| 


1. Copy and complete the following tal 


Number of | Number of | Electronic 


lement Atomic Relative Number of 
cur number atomic protons neutrons electrons configuration 
mass 
x 7 14 | | | 
Y 23 11 | | 


28142 
= 


= 


N.L) 


2. The particles of which atoms are cori- 
Posed include three of particular interest to 
a Chemist - protons, neutrons, and elec.rons. 
hat are the relative masses and charges of 
these particles? How many of each of these 
Particles are present and how may they be 
Tepresented in (i) a hydrogen atom, (ii) à 
hydrogen molecule? . 
e element chlorine (relative atomic 
Mass = 35.5, atomic number = 17) is à 
mixture of two isotopes, *5Cl and ?"CI. The 
Structure of an atom of ?*CI can be repre- 
sented as in Figure 33: 


17e 


Figure 33 


Draw a similar diagram to represent the 
structure of an atom of ?7Cl and suggest an 
explanation for each of the following 
Observations: 
(i) Atoms of **Cl and ?"Cl have the 
same chemical properties. 
(ii) Atoms of ?*CI differ from those of 
sc, 
Gii) 1 mole of chlorine molecules has a 
mass of 71 grammes. 


The relative atomic mass of fluorine is 
19.00. Would you expect fluorine to be 
Composed of several isotopes? Explain 

tiefly why you have given this answer. (L.) 
3. State bri derstand by the 

riefly what you understand by 
ims (a) proton (b) neutron, (c) electron. 
tate the numbers of each particle which 
ur in the potassium atom. (Relative 
"ic mass 39, atomic number 19.) (S) 

nd ate o i bination 
å ne | f chemical com! b 
ato ow how it was explained by the 
theory theory, How has Dalton’s atomic 
times? had to be modified in more recen 


ato; 


Ex, " 
tron ain the terms nucleus, proton, elec- 


Sv ion, 

a q gium has a relative atoinic mass of 23 

di, atomic number is 11. Draw simple 

Up (a) 45 tO show the particles which make 

Rive 3 Sodium atom, (b) a sodium ion, an 

bein * brief explanation of the difference 
sen them, (S.) 
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5. Silver is an element which exists naturally 
as a mixture of two isotopic forms. A and B 
represent atoms of these two isotopes. They 
occur in equal numbers. 
Ais Ag. Bis *eoAg 

In each case, the upper figure is the mass 
number and the lower figure is the atomic 
number, 

State the number of (a) protons in atom A, 
(b) electrons in atom B, (c) neutrons in 
atom A, (d) neutrons in atom B. 

What is the relative atomic mass of 
naturally occuriing silver? (J.M.B.) 


6. The numbers of protons, neutrons, and 
orbital electrons in particles A to F are given 
in the following table: 


Particle Protons Neutrons Electrons 
A 3 4 2 
B 9 10 10 
c 12 12 12 
D 17 18 17 
E 17 20 17; 
F 18 22 1e 


(a) Choose from the table the letters tha: 
represent 

(i) a neutral atoim of a metal, 

(ii) a neutral atom of a non-metal, 

(iii) an atom of a noble gas (inert gas), 

(iy) a pair of isotopes, 

(v) a cation (positive ion), 

(vi) an anion (negative ion) 

(b) Give the formulae of the compounds 
you would expect to be formed between 
(i) C and D, (ii) E and hydrogen, (iii) C and 
oxygen. (You may use the letters C, D, and 
E as symbols for the elements.) 

In each case say whether the compound 
will be an acid, a base, or a salt. 

(c) What will be the formula of a com- 
pound containing only particles A and B? 
Give two physical properties you would 
expect this compound to have. (C.) 

he table shows the mass numbers and 
ds numbers of atoins labelled T to Z. 


Mass number Atomic number 


T 2 1 

M 3 1 

w 3 2 

x 6 3 

Y 9 4 

Z ul 5 
MX E lS 
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(a) How many protons are there in an 
atom of Y? 
(b) How many electrons are there in an 
atom of W? 
(c) How many neutrons are there in an 
aiom of.Z? 
(d) Which atoms are isotopes of the same 
element? 
e Which atom would readily form an 
ion with a single positive charge? 
(f) Which is an atom of a noble gas? 
G.M.B.) 
8. Write out and complete the following 
table; 


Particle Mass Number Number Number 
number of of of 
protons neutrons electrons 
Liatom 3 4 
Lit ion 
12C isctope 12 6 
13C isotone 13 6 
N?- ior. 14 7i 
Neatcm 10 10 


Sè- ioa 32 18 


A sa 


(a) Which particles, apart from the D 
atom, have the-same total number of elec 
trons as a noble gas? N 2 

(b; The electron configuration of the car. 
bon atom can be written as C: 2. 4. Show te 
a similar way the configurations of (i) t 
Li atom, (ii) the/S?^ ions — 

(c) Write the formulae of (i) a compound 
containing the S?- ion, (ii) a covalent som 
pound of sulphur, (iii) a compound com: 
posed only of Li* and N?7 ions. (C) 


9. Taking the symbol 4X, to represent an 
atom of the element X, state (a) the atomic 
number of X, (b) the number of neutrons in 
an atom of X, (c) the number of electrons 17 
an atom of X, (d) the mass number c : 

If another atom is represented as MX, what 
term would be used to state its relation to 
16X and what is the difference between them 
in terms of the number and situation © 

particles present? If a sample of X conne 

90% of 15X and 10% of X, show that the 
relative atomic mass of X would be 16.2. 


9 Chemical Union 
and Structure 


Types of chemical combination 


We have already seen (Chapter 8) that neon and argon have eight electrons in 
their outermost electron layer, i.e., an of electrons. This structure is very 
stable and extremely difficult to disturb. In consequence, these two gases are 
chemically inert and have great difficulty in forming compounds with other 
elements. They are self-satisfied. In the simpler noble gas, helium, the duplet of 
electrons is equally stable and functions like the octet, 

The tendency of other elements is to try to attain this noble gas structure of a 
stable outer octet (or duplet) of electrons and their chemical behaviour is a 
reflection of this tendency. On this general principle, elements combine in two 
main forms of combination, known as the electrovalent (or ionic) and covalent 


types. 


Electvovalent combination 

an atom of a metallic element or group loses, from its outermost 
electron shell, a number of electrons equal toits valency. These electrons passover 
to the outer electron shells of non-ineiallic atoms with which the metal is combin- 
ing. By this means, an electron octet is loft behind in the metal and created in the 
non-metal. Both elements now have the outer electron structure of a noble gas, 
but the metallic particles have a positive charge from the excess proton(s) leit oa 
the nucleus, while the non-metallic particles are negatively charged from the 
added electron(s). The particles are then known as ions. 


In this type, 


Thus: 
Sodium atom Chlorine atom 
Protons Electrons Protons Electrons 
| 
Before | | 
combination | ll rA A di 17 2,8,7 
After | | 
combination 1 t 2,8 i7 2,8,8 
| Sodium ion + Chloride ion — 


Both ions now possess stable outer electron octets, like a noble gas. 

No molecules df sodium chloride are formed. Because of the attraction of the 
oppositely charged Na* and CI- ions for one another, the ions arrange theni- 
selves into a rigid, solid shape called a crystal, but they remain quite separate. 
The combination can be expressed only in ionic form as Na*Cl~, meaning an 
association of sodium and chloride iors in cquzi numbers. The manner in which 
the sodium and chloride ions are arranged in the crystal is shown in Figure 54, 
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Sodium chloride crystallizes as a face-centred cube (Figure 34), In an end 
face of the cube a Na* ion occupies the centre; then the four corners of the tace 
are also occupied by Na+ ions. with four CI- ions spaced 
equally between them. In the neat face, the positions of 
Na and Cl- are reversed, and so on alternately. The 
attractive forces between the ions are relatively great. 
The only ionic motion is some vibration, consequently 
the solid appears rigid and has negligible electrical 
conductivity. 

Calcium chloride and calcium oxide are further 
examples of electrovalent compounds. In the calcium 
ion, the two excess nuclear protons produce a double 
positive charge; in each chloride ion, the excess © =Nat 
electron. produces a single negative charge, ie. QO=CIT 


Ca**2Cl-. Figure 34. 
Calcium chloride: 
| Calcium atom Two chlorine atoms 
Protons Electrons Protons .. Electrons 
Before ; 
combination 20 2,8,8.2 17 2,8,7 
17 2,8,7 
These valency electrons 
pass to the chlorine atoms 
52 Calcium ion + + Two chloride ions: — 
| Protons Elecirons Protons Electrons 
After 
comb (ration 20 2,8,8 17 2,8,8 
17 2,8,8 
Calcium c^ ide: 
Caicium atom Oxygen atom 
| Protons Electrons Protons Electrons 
Before | 
combination ! 20 2,8,8,2 8 26 
A 
These valency electrons 
pass to the oxygen atom 
a z i 
Calcium ion + + i Oxide ion — — 
| Protons Electrons Protons Electrons 
After 1 : 
combination | 20 2,8,8 8 2,8 


i 


As stated above, the calcium ion acauires a double positive charge; the 
woes electrons produce a doubie negative charge on the oxide ion, i.e. 
a a c "Ww 


Note the presence of the outer cciet of electrons in all the above ions 
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Magnesiura oxide is an electrovalent compound just like calcium oxide, and 
zon should carry out the exercise for this compound as outlined above. The 
Tystal Structure of magnesium oxide is similar to that of sodium chloride with 
Magnesium and oxide ions occupying the positions of the sodium and chloride 
lons respectively. 


Characteristic properties of electrovalent (or ionic) compounds 


(1) Ionic compounds do not contain molecules. They consist of aggregates of 
Oppositely charged ions. In consequence, if they are melted, or dissolved in 
water, to make the ions mobile, they conduct electricity and are, therefore, 
electrolytes (Chapter 16). 

(2) They are solids and do not vaporize easily. 

(3) They will not usually dissolve in organic solvents such as toluene, ether, 
benzene, etc. 

Salis, alkalis, and bases are electrovalent, and acids, when in solution in water, 


also show electrovalency. 


Covalent combination 


In this type of valency, electrons are not actually gained or lost by the atoms 


concerned. They pass into a 'shared' state. 
Consider two chlorine atoms. Each has the electron structure 2,8,7. in 


covalency, the atoms contribute one electron each to a 'shared-pair'. In this way, 


two separate chlorine atoms :— 


nucleus (N) : 17 protons 
(ss 18 (or 20) neutrons 


electrons (0) 287 


chlorine molecule CI—CI 


Figure 35 


both obtain an approximation to the external octet by making fourteen elec- 
trons do the work of sixteen (Figure 35). 

Here, actual molecules are produced, not ions. Each ‘shared-pair’ electron 
passes from an orbit controlled by the nucleus of one chlorine atom into an 


orbit controlled by the nuclei of both chlorine atoms. This joint control of the 
i itutes the. valency bond. 
kons pum of molecules formed by covalency are shown in Figure 36. 
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H H 
H c 1 H H 
H 
methane ammonia steam 


H H 


H ^ H—C—6C—0—H 


HOH 


o electron of H 


oelectron of other 
element 


Figure 36 


Each shared electron pair is made up of one electron from each atom concerned: 
All the atoms obtain a shared octet or duplet of electrons. Each shared-palt ^ 
represented by a stroke in the conventional formula, which is given for ethan? 
in illustration. 


Characteristic properties of covalent compounds 


(1) Covalent compounds consist of molecules. They contain no ions, 4% 
unable to conduct electricity and so are non-electrolytes. A 

(2) Simple covalent compounds are gases or volatile liquids, e.g., ammonia: 
carbon dioxide, ethanol (alcohol). This is so because their molecules are elec 
trically neutral and have litt!e attractive force for each other. In more comple* 
covalent molecules, e.g., naphthalene, the atomic nuclei (4-) of one molecule 
and the electrons (—) of anothc: atiract each other. As the molecules come to- 
gether, the electrons of cach besin to exert repulsive forces on each other. The 
forces of attraction and repulsion «ic Lslanced in the formation of a cryst®” 
These van der Waals forces are, however,.7=ther weak and the crystals have low 
melting points (e.g., naphthalene 8i ^C; compared with ionic crystals (e£ 
Na*Cl-, 801 °C). 

(3) Covalent compounds are usually scini“ 
such as benzene or carbon disulphide. 


i. covalent organic solvent 


Co-ordinate (dative) bond 


Another variety of covalent bond (7.e., electron shari f 
v t G. 5 ring) h: iyen the nam! 
er co-ordinate bond (or dative bond ^ inis bond is bes heen giyen fact that 
e two shared electrons are bese supplied by one of the parti y ting atoms 
(not one electron by each atom as in 23 ordinary covalent D AC ordinate 
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bond is formed (in simpler cases, at least) when one of the participants possesses 
a lone pair of electrons, i.e., a pair not directly concerned in its existing valency 
bonds. This lone pair is donated to an atom necding them to build up, or com- 
plete, an electron octct or duplet of great stability. The ammonia molecule 


oelectron of N 
eelectron of H 
+ + 
H H 
^ 
H N THut— |H H|or|H— N —?H 
H 
H 
"ammonia 
molecule proion ammonium ion 
Figure 37 


(Figure 37) possesses such a lone pair of electrons; it can be donated toa hydro- 
gen ion (proton) from an acid to produce the ammonium ion, NH,*. This 
bonding supplies an electron duplet to the hydrogen nucleus while still main- 
taining (though with sharing) the electron octet of the nitrogen atom. The 
proton, combining with the NH; molecule, carries over its positive charge to 
give the ammonium ion, NH;*. The co-ordinate bond is often indicated by an 
arrow pointing from donor atom to acceptor atom as shown, though there is 


2t 


o electron of N 
€ electron of H 
Figure 38 


certainly internal equalization of the four *. This ion is as 
(electrovalently) with some anion as a e E Nri NH,*NO dud 
Again, the ammonia molecule participates by co-ordinate bondin: Si the 
formation of the tetraamminecopper(IT) ion (also called [TRIER e ior) 
- Which gives the intense blue coloration when excess of ammonia is add a 
a solution of a copper(II) salt, such as copper!) sulphate. In this editum 
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sulphate, copper is in the 2,8,17,2 electron state with the outermost 2 (valency) 
electrons transferred to the SO;?- ior: and the outer electron shel! vacant in the 
ion Cu?*. Four NH; molecules form co-ordinate bends with the Cu?* ion by 
means of their lone pair electrons to create a shared electron octet in the vacant 
valency electron shell of the copper(II) ion (Figure 38). 

Oxygen, having a 6-electron outer shell and accepting a lone pair to complete 


oelectron of P 
o electron of Ci or O 


Figuie 39 


the shared octet, is a frequent participant in co-ordinate bonds (as acceptor 
atom). A simple example of this is seen in the relation of phosphorus trichloride 
to: phosphorus oxychloride (Figure 39). 

Compounds containing only co-ordinate bonds and covalent bonds are very 
similar in properties to purely covalent compounds. Both types are non; 
electrolytes (having no ions); the simpler examples ar? usually liquids in ordi- 
nary room conditions, but, with co-ordinate bonds present, tend to be less 
volatile. 


Metallic bond 


Metals are heid together in solid crystalline form by metallic bonding in some- 
thing like the following way. The outer (valency) electrons of each atom are only 
loosely held, being relatively distant from the nucleus, and they separate from 
particular nuclei to move at random through the crystal lattice. The residual ions, 


+ atomic nucleus 


© electron 


Figure 40 


now positively charged by loss of valency electrons, tend to repel each other but 
are held together by the moving electron cloud and some overlapping of 165." 
dual electron orbits (Figure 40). s ‘ft 
This type of bonding is very strong in some metals, e.g., iron, which are difti- 
cult to shatter, but it is much weaker in, e.g., sodium or potassium, which can be 


Chemical Union and Structure 85 


cut with a knife. If an electric potential difference is appued to the ends of a 
metallic rod, the free electrons lose their random mction ànd move towards the 
positive end of the rod, being steadily replaced by mor from the source of 
potential difference. Hence metals are good electrical conductors. As freely 
moving electrons can convey heat energy, metals are also good conductors of 
heat 
Since the bonding agent in a metal is mainly a moving piccu on cloud, the ions 
of most metals will usually slide relative to one anothef, under stress, without 
shattering the lattice and produce a new position of stability. This accounts for 
the malleability and ductility of many metals, though special temperature 
conditions may sometimes be necessary. 

The different ways in which atoms pack together in close contact is illustrated 
by the structures of metals. The most economical manner in which a layer of 
atoms can be arranged is that shown in Figure 41, where over 60% of the 


Figure 41 


available space is. occupied by the atoms. Each atom is in contact with six others 
in the same layer; these are known as nearest neighbours. In placing a second 
layer of atoms over the first, the atoms in the second layer will arrange themselves 
so that they fit into the hollows in the first layer. This is illustrated in Figure 42, 


SZ N 


(3 


Figure 42 


in which the second layer atoms are shown by broken lines and shaded in. A 
third layer may then be placed on top of the second in one of two different ways. 
If the atoms of the third layer are placed in such a position that they coincide 
exactly with the atoms in the first layer, they will fit into the hollows marked with 
a dot in Figure 43. If this pattern is repeated throughout the three-dimensional 
structure of the metal crystal, it gives rise to what is known as hexagonal close- 
packing, since the centres of the six nearest neighbours surrounding each 
red hc d Du Ee ere (see Figure 41), If the first layer is 
y A, and the second layer by B, i - 

ponds to the arrangement ABABAB etc. pedes | ro c M 
However, if the third layer of atoms is placed in such a way that they fit into 
the hollows of the second layer marked with a cross in Figure 43 an arrangement 
which can be represented ABCABCABC etc. will result. Continued indefinitely 
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throughout the crystal structure in three dimensions, this gives rise to cubic 
clóse-packing (sometimes known as face-centred cubic since when the structure 
is examined in detail it is found that it consists of an atom in the centre of each 
fac, cf 2 cube of atoms). Both of these Structures are called close-packed because 
they give rise to the most economical manner of packing atoms in three dimen- 
sions, nearly three-quarters of the total-available Space being taken up by the 
atoms. j 


A completely different way of packing atoms is shown in Figure 44, where the 
atojns are arranged in columns and rows in each layer. This arrangement is not 
quite so space-filling as that described above, and in one layer the atoms take up 

just over half the available space. A second layer can be added as shown in 
igure 45, and a third will then be added to coincide with the first layer. Thus 


WON N N 
OHSS. 
SSS. 
rt by wy ty 


Figure 45 


an ABABAB ctc. arrangement results once again, but in this case it is known a5 
body-centred cubic structure, since the three-dimensional latticé consists of 8 
series of connected atoms arranged at the corners of a cute, with another bei 
at the centre of each cube, Each atom has eight nearest neighbohrs, whereas 
the hexagonal and cubic-closed packed structures each atom hasi twelve ans 
neighbours. The body-centred cubic arrangement fills 68% of the availa 


space: res of most metals fall into one of the three categprics described 


ti 
above, as indicated in the table (Figure 46) 
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h = hexagonal close-packed 
c = cubic close-packed 
b = body-centred cubic 


‘Sc | Ti Co 
DIEIMIAIEINEIEI 
Wena 
hb he h | ch 
oll eal PS Ea 
hb b b h, ch 


Figure 46 


a 


Shapes of some molecules 
Carbon dioxide 


` Ina carbon dioxide molecule, ‘the carbon atom is bonded to each oxygen atom 


by two pairs of electrons jin covalency. These electron. groups exercise mutual 


o 
e000 
e 
eooo 


repulsion and produce a linear molecule. In solid carbon dioxide, *dry ice’, these 
linear molecules take up a cubic formation (bonded by van de Waals forces). One 
layer of molecules in the cube is shown (Figure 47). 


Methane 


The four covalency bonds of the carbon atom in methane are distributed sym- 
metrically in three dimensions, the angle between any pair of valency directions 
being 1094°. Each bond represents a shared electron pair to which a carbon and 
hydr t pply one electron each. The molecule of tetrachloromethane 
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is similar with substitution of four chlorine atoms for the four hydrogen atoms 
of methane (Figure 48). 


H H 
H H 1091» 
c 
H x] 
H H 
e electron of C tu ical di | 
o electron of H 
Figure 48 
Ammonia 


An ammonia molecule consists of three hydrogen atoms bonded covalently, fee 
by shared electron pairs, to a nitrogen atom, which also has one lone pair 0 
electrons. The mutual repulsion of the four electron pairs produces a *triangulaf 


N 
H N 
H H d Wu 
H 
H H 


o electron of N bond angle in ‘triangular pyramidal’ molecule 
* electron of H 


Figure 49 1 


o 
pyramidal’ shape of molecule in which the H-N-H angle is 107° (not 1094, 
which would be produced if all four electron pair repulsions were equal) (Fig 
49). This arises because the repulsion between two lone pairs of electrons 
much greater than that between any other electron pairs present. 
Steam 


m 
In a molecule of steam, the two hydrogen atoms are bonded to the oxygen M 
by shared electron pairs and the oxygen atom has two lone pairs of electrons 


| 
1043° 

a 

H 


bond angle molecule of steam f 


o electron of 
e electron of H 


Figure 50 
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concerned in valency bonding. The two lone pairs exercise a stronger mutual 
repulsion than that between other electron pairs (see above), and the resultant 
etfect of this is to produce a ‘bent’ structure in which atomic nuclei all lie in the 
same plane with 1043? as the H-O-H angle (Figure 50). 


Ice 

The structure of ice is in marked contrast to that of many solids since close- 
packing of the molecules does not take place. The most striking feature of the 
structure is the ‘open’ nature of the arrangement of the molecules, giving rise to 
a low density for the solid. Each oxygen atom in the water molecule is surrounded 
by four other oxygens at the corners of a regular tetrahedron and the whole 


structure has hexagonal symmetry (Figure 51). 


Figure 51 


On melting, the whole structure begins to break up and to collapse, causing 
a decrease in volume which continues in the liquid state to 4°C. Due to the 
close proximity of the water molecules in the solid state, there exists a weak 
interaction between them in which the hydrogen atom of one water molecule 
becomes associated with the oxygen atom of another (Figure 52). This is known 
as a hydrogen bond, which, although weak compared with the electrovalent and 
covalent bonds, can substantially affect the properties of those compounds in 


which it is present. 


y; 
.——H- Ee 
FI EN 
M hydrogen 


Figure 52 
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lodine 


lodine produces a molecule, 1;, by formation of a covalent (shared-pair) bond A 
to which each iodine atom contributes one electron (so completing, for each 
atom, a shared electron octet). By the operation of van der Waals forces, the 


covalent bonding in |, molecule shaj lecule 
(valency electroris only) peckmoed 


layer of 15 molecules in crystal. 
next layer covers dotted lines 


Figure 53 


molecules then form crystals in which they lie in a herring-bone pattern which is 
reversed in successive layers. One layer of iodine molecules is shown in the square 
(Figure 53). In the next layer, molecules lie over the dotted lines. 


Ethene (Ethylene) 
In the ethene molecule C,H,, the two carbon atoms are combined by two 
covalent bonds, i.e., two shared electron pairs. This indicates unsaturation in 


eames Ne MER Oe 


H H vi X 
o electron of C H " Qu «9, 
o electron of H conventional structural formula shape of molecule 
Figure 54 


ge cq zak Rin atom is also combined covalently to two hydrogen 
T > : nuclei of all six atoms involved lie in the same plane, i.e., the mole- 
planar. The H-C-H angles are 117° (Figure 54). 
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Ethyne (Acetylene) 


In the ethyne molecule C,H, the two carbon atoms are covalently combined 
together by three shared electron pairs. This corresponds to a high degree of 


o 
o 
oO an O — 

Hococou | H——czccc——nu LP 
o 
2 conventional structural formula linear molecule 

o electron of C 

€ electron of H 

Figure 55 


unsaturation in the molecule. Each carbon atom is also combined covalently 
With one hydrogen atom. The molecule is linear (Figure 55). 


Allotropy (Polymorphism) 


Ifan element can exist (without changing its state) in two or more different forms, 
the element is said to exhibit allotropy, or polymorphism. 

The forms of the element are known as allotropes of it. They always exhibit 
different physical properties and may have different chemical properties also. 
Several elements exhibit this phenomenon, and the structures of some of their 
allotropes are given below. 


Carbon 
Carbon exists in two main allotropic modifications, diamond and graphite. 
Other allotropes have been described, and these are discussed on page 308. The 
crystal structures of diamond and graphite are as follows. 

In diamond, covalency operates between the carbon atoms throughout and 
produces a crystal which is one single molecule which may become very large 


TT 

L^ LI] 
diamond graphite 
Figure 56 Figure 57 


(a giant molecule). The crystal unit contains five atoms, ABCDE (Figure 56), 
anditis repeated indefinitely, forminginterlacing buckled hexagons. The strength 
and uniformity of bonding make diamond very hard, non-volatile, and resistant 
to melting and to chemical attack. In graphite, carbon atoms are combined by 
covalency in hexagons in parallel planes. Between the planes, bonds are much 
weaker and are the result of van der Waals forces (page 33). These weak forc s i 


E 
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allow movement of the planes parallel to each other and this makes graphite j 
very soft. The open structure (Figure 57) makes graphite more liable rhan dia- = 
mond to chemical attack. (See also below.) 

In the three-dimensional formation of diamond, all four valency electrons per 
atom are involved in covalent bond formation with four adjacent carbon atoms. 
In the parallel atomic layers of graphite, only three valency electrons per atom 
are definitely located in bond formation, the bonding between layers being van 
der Waals forces. Consequently, some electrons in graphite are mobile and allow — | 
it to conduct electricity, which diamond does not. i 

Experimental evidence that graphite and diamond are allotropes of carbon 
is the following. Both these substances can be shown to burn when heated in 
excess of oxygen and the sole product in each case is carbon dioxide. Further, ! 
the evidence is made quantitative by absorbing the carbon dioxide in potassium 
hydroxide solution or soda lime, it can be shown that the mass of carbon dioxide 
obtained from one gramme of diamond is the same as from one gramme o 
graphite, i.e., 3.67 g. 


Sulphur 

Sulphur has three allotropes in the solid state, two of which are well-defined 
crystalline solids, and the third is a ‘plastic’ form of the element. Experiments 
describing how the three forms can be prepared are given in Chapter 32 0n 
pages 394 io 395. The two crystalline allotropes both consist of Sg molecules, in 
which the sulphur atoms are arranged in the form of a ‘puckered’ ring (Figure 
58). In one allotrope, stable up to a temperature of 96 °C, the molecular arrange” 


105° 


Figure 58 


ment results in a rhombic crystal, whereas in the other allotrope, stable above 
96 °C, the molecular arrangement gives a monoclinic crystal. Both rhombic and 
monoclinic crystalline shapes are illustrated in Figure 59. Plastic sulphur is not 


OS = 


(a) sir ae suo sulphur (b) single crystal of monoclinic. sulphur 
(simplified) 


Figure 59 
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composed of Sg rings at all, but is made up of chains of sulphur atoms which 
can be extremely long; over a period of time these chains revert to an Ss ring 
structure, and rhombic sulphur is formed, 


Phosphorus 

Phosphorus exists in two main allotropic forms, both in the solid state. One 
allotrope, white phosphorus, is much less stable than the cther, red phosphorus, 
and the white form changes spontaneously to the red form, albeit slowly at 


Figure 60 


room temperature. White phosphorus is composed of individual molecules P4, 
in which the atoms are at the corners of a regular tetrahedron (Figure 60); 
when it changes to red phosphorus these molecules link together to form an 
extended giant structure of phosphorus atoms, joined to each other in a random 


cross-linking manner. 


Questions 


1, The compounds named below are all 
covalent compounds. With the help of the 
table of electron-structures, give a diagram 
for a molecule of each of these compounds, 
showing the outermost electron shells only: 
(i) tetrachioromethane CCl; (ii) phosphorus 
trichloride PCl;; (iii) silane SiH.; (iv) tri- 
chloromethane CHCl;; (v) phosphine PH;; 
(vi) dichloromethane CHCl. 

2. The following compounds are eléc'ro- 
valent, With the help of the table of electron- 
Structures, state what electronic changes 
take place when they are formed from their 
elements: (i) lithium oxide; (ii) potassium 
chloride; (iii) magnesium oxide; (iv) sodium 
Sulphide. State briefly what kind of proper- 
ties you would expect all these compounds 
to show by virtue of their electrovalent 
Character, —— 

3. Explain the meaning of the term: metallic 
bond, Explain why a typical metal is (a) a 
good conductor of electricity, (b) a good 
Conductor of heat, (c) in some conditions at 
fast, malleable and ductile. 

4. Explain briefly in electronic terms why 
(1) the ammonia molecule, (2) the oxygen 
atom can participate readily in co-ordinate 


bonding. Give an example of the formation 
of an ion from ammonia by this means. 
Show, by electronic diagram, the formation 
of a co-ordinate linkage between phosphorus 
trichloride and oxygen. State one difference 
of chemical or physical behaviour you would 
expect between (i) phosphorus trichloride 
and its co-ordinate compound with oxygen, 
(ii) phosphorus trichloride and potassium 
chloride. Briefly explain your choice. 


5. Graphite is called an ‘allotropic form’ of 
carbon. What do you understand by this 
statement? Give one other example of allo- 
tropy. How would you prove by a quanti- 
tative experiment that the statement. is 
correct in the case of graphite and pure 
charcoal? (J.M.B.) 


6. Discuss the chemical bonding in the 
following substances: magnesium oxide, 
hydrogen, dry hydrogen chloride, sodium 
chloride, paying particular attention to: 
(a) the types of particles involved; (5) the 
electronic changes occurring when the com-' 
pounds are formed from their constituent 
elements; (c) the relationship between the 
type of bonding and, the chemical and 
physical properties. (S.) 
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7. By means of clectronic diagrams show 
how: (a) a calcium ion is formed from a cal- 
cium atom; (b) a chlorine ion is formed from 
a chlorine atom. (You may assume that (i) 2 
calcium atom contains 20 electrons, (ii) a 
chlorine atom contains 17 electrons.) (S.) 


8. The following table shows the symbols 
and atomic numbers of eight elements: 
11Na. 12Mg. :3AL 14Si 44P. 16S :;Cl isAr 
(a) Give the narne and formula of a co- 
valent hydride of one of the elements. 
(6) Give the name and formula of an ionic 
chloride of ore of these elements. 
(c) From the list above name an element 
which does not readily form compounds. 
(d) Give the name and formula of a com- 
pound containing two of these elements and 
oxygen. 
(e) How does the electronic structure of a 
silicon atom differ from that of a phosphorus 
atom? (J.M.B.) 


9. The atomic numbers of sodium and 
chlorine are 11 and 17 respectively. 

(a) Give the electronic structures of the 
atoms of sodium and chlorine. 

(b) Why do these elements show a valency 
of one in their ionic (eiectrovalent) com- 
pounds? 1 

(c) Sketch the crystal lattice of sodium 
chloride. 

(d) Explain how the crystal structure 
accounts for the high melting point of 
sodium chloride. (A.E.B.) 


10. Explain the following statements: 

(a) The movement of molecules in a gas 
differs from the movement of molecules in a 
solid. 3 VOD 

(b) Sodium (4iNa) readily forms ionic 
(electrovalent) compounds. a 

(c) Ammonia adds to copper(I) (cupric) 
ions to give tetraamminecopper(Il) ions 
(cuprammonium ions). 

(d) The ethene (ethylene) molecule is 
planar while the methane molecule is not. 

(Y. M.B.) 


11. The atomic number and relative atomic 
mass of carbon are 6 arid 12 respectively. 
(a) Give a labelled diagram showing the 
structure of a carbon atom. (b) Explain what 
is meant by a covalent bond. Give an elec- 
tronic diagram for one named carbon 
compound. í 

Diamond, graphite, and the charcoal ob- 
tained from sugar are all pure forms of 
carbon. (c) How are the atoms arranged in 
graphite and in diamond? Show how this 
knowledge enables us to understand the 
physical characteristics of these substances. 
-1) Briefiy state how it could be shown that 
5 aphite and the charcoal obtained from 
Sugar are c*emically identical. (Experi- 
mental details aie zo; required.) (A.E.B.) 


12. What do yuu understand by the term 
‘atomic number’? 1 1 
The symbois of the elements of atomic 


number 6-17 inclusivc are: j 
C, N, O, F, Ne, Na, Mg, Al, Si, P, S, Ch” 
(a) Choose any four of these elements and 

give the formula of a chloride of each af 
them, indicating whether the bonding in the i 
chloride is ionic or covalent in each case. 

(b) Choose any four of these elements and | 
give the name and formula of a covalent 
compound of each with hydrogen; 

(c) Choose any four of these elements and 
write equations to show how an oxide 
cach reacts with water. 1 

(dj Choose iwo of these elements, each of 
which can exist in two different crystalline — 
forms. Indicate by a simple diagram the — 
arrangement of the atoms in one form of one 
of these elements. , 

(e) Give the names and formulae of f" 
compounds which each contain three of 
these clemeats. j 


(f) Atoms of some of these elements form 
ions which have identical electronic, Con- 
figurations. Atoms of another element in the 
list also have this electronic configuration 
Name this other element, and write symbols 
for three of the ions in the manner Br“, 
Cu?+, (I) 

d 


13. Name the particles present in the crystal q 
lattices of (i) sodium: (ii) sodium chloride; 
(iii) diamond; (iv) carbon dioxide. í 
Explain the following in terms of the 
structures of the substances involved: 
(i) in the solid state sodium isa good con’ y 
ductor of electricity and is deformabi¢ 
Whereas diamond is a non-conductor and i$. 
extremely hard; (ii) sodium chloride has 8 
high melting point whereas carbon dioxide 
is a gas at room temperature and pressure. 
What do you understand by allotropy? 
Name one of the crystalline allotropes © 
sulphur. Describe its appearance and how — 
you would prepare a sample of it in the — 


laboratory. (A.E.B.} 
14. i 
x 
Element Symbol Atomic 
number P 
E ANAN E D 
Lithium Li 3 
Beryllium Be 4 j 1 
Fiuorine F 9 
Magnesium Mg 12 
Silicon Si 14 
LL ee 


(a) The distribution of 'extra-nucle? 


electrons in the magnesi 
E ated as gnesium atom can 


Mg: 2.8.2. 


Show in a similar way the electron distribu- 
tion in the atoms of lithium, beryllium, 
fluorine, and silicon. 

(b) Write formulae for the oxides you 
would expect lithium, beryllium, and silicon 
to form. Which one of these oxides is most 
likely to be acidic? ` 

(c) Write formulae for the simple ions 
formed by lithium, beryllium, fluorine, and 
magnesium. 

(d) Fluorine forms compounds with all 
four of the other elements in the table. 
Which one of these fluorides is most likely 
to be covalent? Give the formula of this 
fluoride and explain the bonding in it in 
terms of electrons. (C.) 


15. What is thought to happea when atoms 
are bonded (i) by an electrovalent (ionic) 
bond, (ii) by a.covalent bond? 

From the following list name one com- 
pound which is electrovalent and one which 
is covalent: ethanol, potassium chloride, 
calcium nitrate, starch, copper(Il) sulphate. 
Describe one experiment applied to each of 
the chosen compounds which confirms your 
choice. 

What is meant by the term molecule? 
Explain why the term has no meaning for 
an electrovalent compound. (Scottish) 


16 What do you understand by the term 
covalency? Illustrate your answer by refer- 
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ence to the molecules of (a) chlorine, 
(b) oxygen. : 

An element M, relative atomic mass 40,4 
atomic number 20, reacts with cold water to 
liberate hydrogen and forms a chloride 
whose relative molecular mass is 111. This 
chloride dissolves in water, and the solution 
conducts an electric current. 

(c) Give simple diagrams to show and ex- 
plain the difference between the M atom and 
the M ion. (d) State the type of valency 
which the chloride exemplifies. (e) Give the 
equation for the reaction of M. with water. 
(f) Suggest a method by which you couid 
prepare a small sample of M from the 
chloride. (S.) 


17. A metal X (stomic number 11) burns in 
chlorine to produce a white, solid chloride Y. 
By means of diagrams illustrate the ar, ange- 
ment of electrons in X both before and after 
the reaction. Write an equation for the 
reaction. 

Discuss the following properties of Y and 
account for them as far as possible: (2) melt- 
ing point, (5) solubility, (c) electrical con- 
ductivity. 

What type of bonding would you expect to 
find in a chloride which differed from Y in 
the above propertics? State the name and 
formula of such a chloride. (S.) 


10 Periodicity 


The Periodic Table 

Neglecting hydrogen (which has a uniquely simple atom + one proton and one 
electron) and helium, the lightest atoms have, in order of atomic number from 
left to right, the following electronic structures. d 


Group I i il Iv v VI vil o 
Li Be B c N o F Ne 
Period 2 21 2,2 23 2,4 S 2,6 27 28 
Na Mg Al Si B s cl Ar 
Period 3 2,8,1 282 28,3. 284 285 286 287 288 


It will be seen that, arranged in this way, elements in the same vertical columns 
have the same number of valency electrons in the outermost shell of their aioms. 
Because of this, the elements in each column tend to resemble each other closely 
in chemical behaviour. For example, the noble gases, He, Nejand Ar, show a 
chemical inertness which is determined by the stable outer clectzon octet or 
duplet, These gases have net been found to form any compounds with other 


elements. 

The occurrence of successive groups of elements showing strong chemical 
similarity in this way because of their similar outer electron shells is called 
periodiviry. The Periodic Law has been developed fully to IE known 


elements and is expressed in a general Periodic Table, of which the above 
arrangement is the earliest part. The Groups of the table (written vertically) are 
numbered by Roman numerals, 0-VII. See the complete Periodic Table at the 
end of the book. 

A brief description of the chemical properties of elements in the sam@ group 
of the Periodic Table will be made for selected groups, to illustrate the similarity 
in chemical behaviour of such elements. 


Group! 


Sodium and potassium, each with one electron in the outer shell, resemble on 
snother very closely. Both are univalent, ionizing by the loss of one electron ver 
atom. Both are powerful reducing agents and good conductors of electricity, 


Na— Na+ -+ e- (K similar) 
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Both are strongly electropositive, attacking cold water with liberation of hydro- 
gen. 
Na+ H,0 — Na*OH- + 3H; (K similar) 


Both form strongly basic oxides, Na;O and K,O, and soluble hydroxides, 
NaOH and-KOH, which are strong alkalis. The carbonates, Na,CO, and 
K5;CO,, are both soluble in water, giving mildly alkaline solutions, and are 
unaffected by ordinary heating. The nitrates of both metals liberate oxygen when 
heated and leave a nitrite. 

2NO;- — 2NO;- +0, 

Lithium resembles sodium and potassium in electropositiye character and 
univalency, giving the ion, Li+. It also gives a solid, electrovalent hydride, 
Li*H-, and attacks water liberating hydrogen, but less rapidly than for sodium 
and potassium. In this and in its almost insoluble carbonate and fluoride, it 
differs considerably from sodium and potassium and has some resemblance to 
the iess electropositive magnesium of Croup Il. à 


Group V 
Nitrogen and phosphorus show marked chemical similarity as non-metals, Both 
exercise a maximum valency. of 5 (é.e., the number of outer valency electrons) 
and also a lower valency of 3 (/.c., the octet — 5). These valencies appear in 
N40; and P,O;o, and in NH; and PH;. Both the oxides are strongly acidic and 
combine with water to form acids, HNO, and HPO,. 

N50; + H;0 — 2HNO, (P40,0 similar) 
The chlorides, NCI, and PC1;, are both covalent liquids, non-electrolytes, and 
rapidly hydrolysed by water. Both the hydrides, NH, and PH;, form salts with 
hydrogen chloride, NH4CI and PH4Cl, though the latter is much less stable, 
decomposing at about 35 *C. 


Group Mt 

Cioup VIL is the halogen group (see Chapter 30 for an explanation of ‘halogen’); 

of its members, fluorine and chlorine have been shown in Periods 2 and 3, and 

bromine and iodine follow in later periods. This Group is important enough to 

be given rather special consideration. Its members show marked general similarity 

of properties and also, in many instances, a consistent gradation of behaviour. 
These elements and the electronic arrangements in their atoms are: 


E cl Br I 
Electronic arrangement 2,4 .2,87 2,8,418/7 . 2,8,18,18,7 
9 17 35 53 


Atomic number 


The marked similarity of their chemical propertizs depends essentially on their 
possession of the same number (7) of electrons in the valency (highest energy) 
shell, but a pronounced gradation is impo’ d on the general similarity as the 
atoms increase in complexity from fluori- to iodine. 

All the elements exhibit a valency of one in covalent combination with hydro- 
&.3 and in electrovalent combination with metals. By formation of a shared 
electron pair with hydrogen in the first case, and capture of an electron from a 

netallic atom in the second, all these elements complete the external electron 
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_ c-tet. Similarly, by formation of one shared electron pair, all produce diatomic 
molecules, 
H, + X,—> 2HX; X,4-2e- —2X-; 2X— X; 
where X is F, Cl, Br, or I. 
Being electron acceptors, all the halogens are oxidizing agents. Examples are 
the following. 
2Fe?* (aq) + Cl.(g) — 2Fe3+(aq) + 2Cl-(aq) (iron(II) to iron(III)); Br; similar 
S?-(aq) + Br;(I) — 2Br- (aq) + S(s) (H2S to sulphur); Cl; and I; similar 
As the number of electron shells increascs, the atoms increase in size from the 
smallest, F, to the largest, I. Since each electron layer screens the outermost 
electrons from the attractive power of the nucleus, we should expect electrons to 
be most firmly held (or attracted) by fluorine atoms and least firmly held (or 
attracted) by iodine atoms. That is, fluorine should be the strongest, and iodine 
the weakest, in oxidizing behaviour. This is actually so. For example, in the 
order, F —> Cl — Br — I, each halogen can oxidize the ions of those whic 
follow it and liberate the free halogen. Examples are the following. 
Chlorine liberates bromine from potassium bromide solution: 
Cl;(g) + 2Br- (aq) — 2Cl-(aq) + Br;(I) 
Bromine liberates iodine from potassium iodide solution: 
Br;(l) + 2I-(aq) — 2Br- (aq) + I,(s) 
There is a similar gradation from F to I in vigour of oxidation of hydrogen at 
room temperature. 
Fiuorine combines explosively with hydrogen even in the dark; 
Chlorine combines slowly in daylight; 


Bromine combines slowly in sunlight; 
Iodine combines only when heated and then slowly and partially. 


The same gradation is found in the stability of the hydrides towards heat and in 
the heat of formation of the sodium salts. 


9, dissociation Heat of formation 
at 720 *C in kJ mol-* 
HF nil NaF 568 
HCl 0.0013 NaCl 410 
HBr 0.2 NaBr 360 
HI 28.0 Nal 288 


Another illustration of the F —> I gradation is given by the boiling points at 

standard pressure of the four halogen elements, which are: 
F; Cl, Br; G 
—188 —33.5 59 184 (all *C) 

It must be allowed, however, that, in certain respects, halogen properties do 
show some variation. For example, while calcium fluoride is insoluble in water, th? — 
calcium salts of the other three halogens (CaCl,, CaBr;, Cal) are very soluble an' 
deliquescent. Also, silver fluoride is quite soluble in water while the other thre® 
silver salts (AgCl, AgBr, AgI) have very low solubilities indeed. Also chlorine 
forms an oxide, Cl2O;, which is the characteristic oxide for a Group VII element: 
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None of the other halogens forms such an oxide. The highest oxide of iodine is 
1,0, and of fluorine FO, while bromine forms no oxide stable at room tem- 
perature. On strict gradation, bromine would be expected to be intermediate 
between chlorine and iodine in solubility in water but, in fact, it is the most 
soluble of the three (with iodine the least soluble). Fluorine attacks water rapidly 
at room temperature, liberating a mixture of ozone, O3, and oxygen. (For some 
further halogen comparisons relating to Cl; Br;, and I, only, see page 375.) 


Progression of properties in a Period 
Tha progression of properties for elements in the same period can be illustrated 
from Period 3. 


Period 3 (Groups in Roman numerals) 


oo dms ait, y V Vb OVI. 0 
Na Mg Al. Si P Sie Clie D AT 
28,4 2,82 283 284" 285 286 287 288 


The figures represent thevelectron groupings in the various atoms, left to right 
being outwards from the nucleus. 

The chemical inertness of argon, resulting from its very stable outer electron 
octet, has already been noticed (page 79). 


Elements of Groups # to lli (Na, Mg, Al) 
Elements. The elements of Groups I, II, and III (Na, Mg, Al) all show marked 
metallic character by ionizing with electron loss but the metallic character 
weakens in the direction Na — Mg —- Al. The valency of each element is 
equal to the Group number of the element and to the number of electrons in 
the outermost (valericy) shell. 

Na—> Nat L27; Mg—> Mg?* -r2e; AiAi + 3e7 
Sodium liberates hydrogen from cold water, showing its exceptionally electro- 
positive nature; the other two metals liberate hydrogen from dilute acid although 
in the case of aluminium only from hot, concentrated hydrochloric acid. In all 
these cases, hydroxonium ion (page 268) is reduced by electron gain. 

2H30+(aq) + 2e- — 2H50(l) + H.(g) 

Chis;ides. The chlorides of sodium and magnesium are electrolytes, Na*Cl- 
and Mg^*(Cl-),. Both are soluble in water; sodium chloride is chemically 
unaffected by water but magnesium chloride is hydrolysed slightly, showing the 
somewhat weaker electropositive (metailic) character of magnesium. Aluminium 
is still less characteristically metallic in its chloride. When anhydrous, the chloride 
is covalent (as Al;Cl,) and is much hydrolysed by water, i.e., resembles the 
chlorides of non-metals, but it yields ions in aqueous solution, Al** (hydrated) 


and Cl-,as do metallic chlorides. ! 
Oxides, The oxides of sodium and magnesium are electrovalent compounds, 


(Na*),07- and Mg?* O^". Both are soluble in water and yield alkaline solutions 
by forming hydroxide ions. The more electropositive sodium gives by far the 
stronger alkali. 


O?-(aq) + H20() — 20H" (aq) 
Aluminium oxide has basic properties, e.g., in the reaction 
AL,0s(s) + $HCl(aa) —> 2ZAICI; (23) + 3H;0(l) 
but it forms no alkali with water and so shows itself less electropositive than 
sodium or magnesium. Further, aluminium oxide shows slight acidic tendency 
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(and is, therefore, amphoteric) by forming an aluminate with caustic alkali. This 
resembles the behaviour of a non-metal. 


Al,0;(s) + 2NaOH(aq) -+ 3H,O(l) — 2NaAI(OH);(aq) 
Hydride. Sodium (heated in dry hydrogen) forms a solid, electrovalent hydride. 


This occurs because the metal is so strongly electropositive as to reduce hydrogen 
by donating electrons to it. 


2Na(s) + H2(g) —> 2(Na*H-)(s) 
This hydride yields hydrogen with cold water and is an electrolyte when molten, 
giving hydrogen at the anode. (Compare hydrides in Groups IV to VII later.) 
H-(s) + H20(1) — OH~(aq) + H;(g) 
2H-(s) — H;(g) + 2e7 (to anode) 


Elements of Groups IV to VII (Si, P, S, Cl) 
In Period 3, all the elements of Groups IV to VII exercise covalency numerically 
equal to their group number by using the valency electrons to form covalent 
pairs, e.g., in oxides SiOz, PsO10, SO3, Cl;O;. Oxides with lower oxygen 
content also occur, e.g., P4O6, SO;, Cl;O. In addition, each element exercises 
a covalency of (8 — Group number), e.g., in hydrides SiH,, PH, H;S, and HCl. 
Flectrovalency is shown by elements of Groups VI and VII only. This is exercised 
by acceptance of electrons to complete the outer octet and so form a negative 
ion. This electrovalency is numerically equal to (8 — Group number). Accep- 
tance of more than two electrons per atom never occurs. 
S + 2e- — S*-; CI 4- e- > Cl- 

This valency pattern is typical of non-metals 
Chlorides. The elements of Groups IV and V each produce a chloride by utilizing 
covalency numerically equal to the Group number, i.e., SiCl,, Pis. Butt 
are rapiaiy hydrolysed by water with liberation ur uydiugen chloride aud, when 
pure, both are non-electrolytes. 

SiCI,(1) + 4H;O(l) — Si(OH),(aq) + 4HCl(aq), 

PCI5(1) + 4H5O(I) — H3PO,(aq) + 5HCl(aq) 

The same elements also produce chlorides by exercising covalency of (8 — 
Group number), i.e., SiCl, (as before) and PCI,. This trichloride is a covalent 
liquid, a non-electrolyte, and rapidly hydrolysed by water. 

PCI;(1) + 3H;0(I) — H3PO3(aq) + 3HCl(aq) 

Contrast the metallic type of chloride produced at the other end of the period in 
Groups I and IL, where the elements have 1 or 2 valency electrons per atom and 
produce electrovalent chlorides, solids, electrolytes if molten or in aqueous 
solution, and either unaffected, or only slightly hydrolysed, by water. 

Oxides. Elements of Groups IV to VII all form.an oxide by exercising covalency 
equal to the Group number, i.e., SiO;, P4O,o, SO3, and Cl,0,. When combined 
with water, all these oxides produce acids. This is characteristic of non-metals. 

SOs(g) + H,0() — H,SO,(aq);_ P.O, (s) + 2H;0(l) > 4HPO, (aq) 
C1,0,(g) + H,0() > 2HCIO,(aq) 

In addition, phosphorus and sulphur also form well-known oxides by exercising 
a lower covalency, i:e., P4O0, and SO,. These are also acidic oxides. 


P,Ost5) -+ 6H;0(1) > 4H;PO;(aq); SO;(g)J- H30()) = H,SO;(aq) 


Contrast the oxides with basic propeities 5 
U RAN NEG Ma prope formed by the metals at the other end of 


pe c NI 


oe 


* 
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Hydrides. Elements of Groups IV to VII all form hydrides by utilizing covalency 
equal to (8 — Group number), i.e., SiH,, PHs, H2S, HCI. All these are typical 
of simple covalent compounds, i.e., gaseous at ordinary temperature and pressure 
and non-electrolytes when water-free, having no chemical reaction with water 
(except ionization by H,S and HCl). SiH, is spontaneously flammable in air. 
Contrast the metallic hydride formed by sodium at the other end of the Period — 
electrovalent (Na+ H~), an electrolyte when molten (yielding hydrogen at the 
anode), attacked by water to yield hydrogen. 

In physical properties, the Group I-III elements of Period 3 (Na, Mg, Al) are 
all metallic, e.g., good conductors of heat and electricity. The Group V-VII 
elements of Period 3 are non-metallic in type, e.g., very poor conductors of heat 


and electricity. 
Notice the following patterns in Period 3 which are repeated in other periods. 


Group 
Ll. IL-— HL. ;- IV - YS VE“ V0 


Valency towards 


Cl or H 1- 2 3 4 35r 2 1 — 
"Valency towards 
O (maximum) iL 3 4 5 6 7 — 


Electropositive (metallic) character increasing 
P RDOTLDOI muro AMITTIT 
Electronegative (non-metallic).character unceasing 


Chief compounds of the metals 


It is important to know accurately the chemical formulae of the chief compounds 
of the common metals. They are listed below (by Groups of the Periodic Table) 


for study and reference, 


Group of P.T. 4 UA Il 
Li, Na, K «Mg, Ca, Ba Al 
1 2 3 
ies Nat Ca?* AL 
Oxide (Na*);0?- Ca?*0?- (AP*),(0?7), 
Hydroxide Na*0H- Ca?” (OH), AP*(OH-); 
Chloride Na*CI- Ca** (CI); AlzCig (covalent) 
Sulphate (Na+)2S0.7~ Ca?*S0,2- (AP*),(50427), 
Nitrate Na*NO," Ca** (NO,7), AI?* (N057)5 
Carbonate (Na*);CO;*- Ca*' CO, fone 
Hydrogencarbonate Na*HCO;" Ca?* (HCO;7), none . 
Sulphide (Nat) 35% Cats (A+); (S27), 
(decoinposed by 
water) 


AMI ICA MICI LLLA 
The ionic formulae are shown in most cases, 

‘Ammonium salts have formula» like those of sodium salts, with the ion, NH, *, 
instead of Na*. There is no oxide. m 


Y 4 


k 
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Questions 


1. (a) Copy the grid shown below which repre- 
sents part of a blank periodic table, the 
numbers being the atomic numbers of the 
elements. In your grid, write, 


(i) Vina space which could be occupied 
by a noble gas, 

(ij) W in the space which the most active 
metal would occupy, 

(iii) X in the space which the most active 
non-metal would occupy, 

(iv) Y in a space which could be occupied 
by an element capable of forming a 
compound YX;, 


minium, silicon, phosphorus, sulphur, 
chlorine, and argon form a series in the 
Periodic Table. 

For each of four of these elements state 
(a) the electronic structure, (5) the formula 
for its hydride and the reaction, if any, 
between the hydride and water, (c) the 
formula of an oxide and whether this oxide 
is acidic, basic, amphoteric, or neutral. 
(O. and C.) 

5. By reference to the properties of (a) the 
elements, (5) their oxides, (c) their chlorides, 
justify the inclusion of (i) sodium an 


: 2 
eee d T 

3 4 i 6 | 8 9 10 

11 E | 13 | 14 15 | 16 17 18 


(v) Zin a space which could be occupied 
by an element capable of forming a 
compound WZ. 

(b) which of the following is the formula 

of the compound formed by Y and Z? 
YZ, Y2Zs, Y3Z2, Y2Z, YZ. 
(J.M.B.) 
2. For each of the pairs of clements 
(a) sodium and potassium, (5) chlorine and 
bromine, give three properties that illustrate 
their chemical similarity. x 
Suggest an electronic explanation for this 
similarity. (O. and C.) 
3. Carbon, atomic number 6, and silicon, 
atomic number 14, are elements in the same 
group of the Periodic Table. Give the 
electronic configuration for an atom of each 
element, and state in which group the 
elements occur. 

Both carbon and silicon form dioxides. 

Give one similarity and ome difference 
between these oxides. (J.M.B.) 


4. The elements sodium, magnesium, alu- 


potassium, (ii) nitrogen and phosphorus in 
the same group of the Periodic Table. 

6. At the foot of the page is a section of the 
Periodic Table showing the first eighteen 
elements. From these choose elements to 
answer the questions which follow. 

(a) Name one element which combines 
with other elements to form ionic compounds 
only. Give the formula of one such com- 
pound and show diagrammatically how the 
electron configurations of the elements 
change in forming the compound, 

(6) Name two elements which combine 
together to form a covalent compound. Give 
the formula of this compound and show 
diagrammatically how the clectron con- 
figurations of the elements change in forming, 
the compound. 

(c) Name one element whose atoms are 
converted into ions with three positive 
charges when the element is dissolved in 
dilute hydrochloric acid. State, with your 
reason, whether you consider the element is 
oxidized or reduced in this process. 


1 2 
4 

H ; He 
P f 5 I 7 8 5 a 

Li | Be B c N [v] | F Ne 
11 42 43 14 līs ie 7 T 

| | 
Na Mg Al | Si | Penta) ci Ar 


.. (d) Name one element which will dissolve 
in dilute hydrochloric acid so that 1 mole of 
atoms (1 gramme-atom) of the element will 
liberate 24 000 cm? of hydrogen at room 
lemperature and pressure from the acid. 
Write the equation for the reaction. 

(e) Select two elements which have a large- 
sale use and indicate briefly what these uses 

e. 

(f) Select three elements which form 
oxides such that 


(Ð the atomic ratio of element to oxygen 


is1: 

Gi) the atomic ratio of element to oxygen 

.. is 132, and 

(iii) {bs atomic ratio of element to oxygen 
Is 2:3. 


Write the formulae of the three oxides. (L.) 


7. Suppose that elements W, X, Y, Z are all 
in the same (early) period of the Periodic 
Table. Allot them to their correct Groups on 
the following evidence: an oxide, W4O exists 
and is strongly basic; X forms a liquid, 
Covalent chloride, XCl;; the oxide of Y is 

203; Z produces an ion, Z-. Answer the 
following questions: 

(1) What would be the effect of adding 
W20 to water and then spotting the liquid on 
to universal indicator paper? Explain. Write 
4n ionic formula for the sulphate of W. 
Briefly characterize the hydride, WH. —— 

(2) Write the formula of the highest oxide 

‘X and an equation for its likely behaviour 
With water. If X forms a lower oxide, what 
'S its likely formula? What is the formula of 
the simplest hydride of X and its likely 
Physical state at s.t.p.? Relate this to its 
Valen T 

(3) Write the empirical formula of the 

Oride of Y. Discuss (briefly) likely be- 

Oro this chloride Mn EE me oxide, 

20s, is amphoteric. Explain this term. 

(4) What i is the likely behaviour of the 
Clement Z in the field of oxidation-reduc- 
tion? Explain in electronic terms. Write an 
Pic formula for the compound formed 

tween W and Z, Estimate qualitatively its 
melting point and describe the effect (if any) 
of AN attempt to pass electric current through 
a$ compound (i) at room temperature, 
(ii) above its melting point. 


8. For the main Groups of the Periodic 


Table, the metallic properties of the elements — 
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vary approximately with their positions as 
shown in the chart at the foot of the page. 
The direction of the arrows indicates an 
increase in metallic nature. 

(a) Will the most metallic element be 
found at A, B, C, or D? 

(b) Will the most non-metallic element be 
found at A, B, C, or D? 

(c) The element indium has the symbol In. 
It is in the same Group as aluminium but, 
whereas aluminium is the second element in 
the Group, indium is the fourth. (i) What is 
the formula for indium oxide? (ii) Would 
you expect this oxide to be more basic or less 
basic than aluminium oxide? 

(4) The names and symbols of the first five 
elements in Group II of the Periodic Table, 
reading from top to bottom, are beryllium, 
Be; magnesium, Mg; calcium, Ca; strontium, 
Sr;.barium, Ba. (i) Which of these iive ele- 
ments will have the chloride of highest 
melting point? (ii) Write the formula for 
this chloride. (J.M.B.) 


9. What feature of the atomic structure of 
the four halogen elements, fluorine, chlorine, 
bromine, iodine, justifies their common in- 
clusion in Group VII of the Periodic Table? 
State and explain in electronic terms what 
valency behaviour they all share, Bromine is 
said to be intermediate in behaviour be- 
tween chlorine and iodine. Justify this 
statement by reference to rwo examples of the 
chemical behaviour and one example of the 
physical behaviour of these three elements. 
Mention one respect in which bromine is 
not the intermediate element of the three 
and two features Of the chemistry of flu- 
orine in which it differs from the other three 
halogen elements. If astatine is another 
element of this Group (following iodine), 
give one chemical property you would 
expect it to possess and briefly justify your 
choice. 


10. In the Periodic Table shown overleaf, 
lithium, carbon, oxygen, and neon have 
been placed in their correct positions. The 
positions of nine other elements have 
been represented by letters. These letters 
are not the real symbols for the elements 
concerned. 

By reference to this table, answer the 
following questions. 

(a) Give the letter of the most reactive 
metal. 
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(b) Give the letter of the most reactive 
non-metal. 

(c) Name the ‘family of elements’ repre- 
sented by L, Q, R, and T. 

(d) Name one element in each case occur- 
ring in Groups II, IIL, and V. 

(e) The element Q forms a compound with 
lithium and a compound with carbon. Sug- 
gest fotmulae for these two compounds 
(using Q as the symbo! for the element), and 
compare (i) their solubilities in water, 


(ii) their relative melting points, (iii) their 
electrical conductivities when molten. in 
(f) Discuss briefly the bonding present 4 
the compound formed between lithium ns 
Q. Your answer should include a diagra E 

to show what has happened to the electron 
in the outer shell of atoms of each of these 
elements, b 
(g) Suggest a possible shape for a molccul 2 
di Ne compound formed between J and H 
- 
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The Gas Laws 


We have already seen (Chapter 3) that the behaviour of gases when subject to 
temperature and pressure change, can be expressed by two simple laws, those of 


Boyle and Charles. 
Boyle's Law. The volume of a given mass of gas is inversely proportional 
to its pressure, temperature remaining constant. 
With the usual symbols, this is expressed mathematically as: 
pe = a constant (T constant) 


Charles’ Law. The volume of a given mass of gas is directly proportional to 
its absolute temperature, pressure remaining constant. 


With the usual symbols, this is expressed mathematically as: 


27 a constant (p constant) 


Gay-Lussac's Law of Gaseous Volumes 
A third law, describing the behaviour of gases, when involved in chemical 


reactions, was stated by Gay-Lussac. i 
We can illustrate the Law of Gay-Lussac by quoting first some of the experi- 


mentally observed results of chemical reaction between gases, upon which the 
law is based. Temperature and pressure are to be considered constant throughout 


€ach statement. 
1. Ammania 
2 volumes of ammonia decompose to give 1 yolume of nitrogen and 3 
volumes of hydrogen. 


2. Steam t 
2 volumes of hydrogen combine with 1 volume of oxygen, givig " a 
volumes of steam. j : 
3. Hydrogen chloride i ; 
1 volume of hydrogen combines with 1 volume of chlorine to give 2 
volumes of hydrogen chloride. 
4. Nitrogen oxide - 
2 volumes of nitrogen oxide decompose to give 1 volume of nitroger 
and 1 volume of oxygen. 
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Examining these experimental results (the methods by which they have been 
obtained are given in Chapter 13), we notice at once that all the volumes of 
the gases concerned are related to each other by simple whole-number ratios.. 

Whenever gases are concerned in chemical action, simple whole-number 
telations between their volumes are always found. This is the fact which was 


first noted by Gay-Lussac and expressed in his Law of Gaseous Volumes, which 
is now stated. 


Gay-Lussac's Law of Gaseous Volumes. When gases react they do so in 
volumes Which bear a simple ratio to one another, and to the volume of the 
product if gaseous, temperature and pressure remaining constant. 


Simple behaviour of gases: an explanation required 


These three Laws of Boyle, Charles, and Gay-Lussac express among them a 
highly interesting fact about gases —a curious similarity of behaviour. In chemical 
properties, and such physical properties as density and solubility in water» 
gases show marked variations. There are neutral gases such as nitrogen, oXyg€?» 
and hydrogen, acid-producing gases such as sulphur dioxide, hydrogen chloride, 
and nitrogen dioxide, alkali-producing gases such as ammonia; gases of very 
high solubility in water, such as hydrogen chloride (500 volumes of gas dissolve 
in 1 volume of water), gases of moderate solubility, such as hydrogen sulphide 
(3 volumes of gas dissolve in 1 volume of water), and gases of very low solubility» 
such as nitrogen (0.02 volumes dissolve in 1 volume of water); some gases are 
chemically very reactive, e.g., chlorine, and some are entirely inert, e.g., argo”: 
But, however great the variations in these properties may be, all the gases obey 
the Laws of Boyle, Charles, and Gay-Lussac quite closely. There must be some 
explanation of this similarity. Note that it does not matter whether the gas is a0 
element, e.g., hydrogen, or a compound, e.g., hydrogen chloride; each obeys the 
laws equally well. 


Avogadro’s Hypothesis à 

The explanation was put forward in 1811 by Avogadro, ap Italian scientist, in 
the form known as Avogadro’s Hypothesis. We have seen in Chapter 2 that the 
smallest particle of an element or compound which can exist separately is called 
a molecule of it. Avogadro’s explanation of the simple behaviour of gases, 
especially as expressed in Gay-Lussac’s Law, was that equal volumes of all 
gases, under the same temperature and pressure conditions, contain the same 
number of molecules. When this suggestion was put forward it was purely 4 
hypothesis, that is, an idea which had occurred to Avogadro, which appeared to 
him sensible, but which still required to be tested further before it could be fully 
accepted. The truth of it has since become experimentally demonstrable, and it is 
frequently known, on that account, as Avogadro’s Law. (See Avogadro Constant, 
page 46.) 

Avogadro's Law. Equal volumes of all gases at the same temperature and 
pressure contain the same number of molecules. 


This law has been of the greatest value in the development of chemistry since 
about 1860. It isa rather curious fact chat its importance was at first unnoticed, 
and the full recognition of its implications, a few of which we shall now examine, 
is due to the work not of Avogadro himself, but of another Italian, Cannizzaro, 
some 47 years after the hypothesis had been first put forward, and after Avogadro 
himself was dead. 
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vyny Avogadro's Law iS important 
The importance of the law lies in this fairly simple fact, that, since it asserts that 
equal volumes of gases contain equal numbers of molecules, it enables us to 
change over directly from a statement about volumes of gases to the same 
Statement about molecules of gases. Every time we make a statement about 
one volume of any gas, we are aiso making a statement about a certain number 
of molecules of it, and that number, by Avogadro's iaw, is always the same, no 
matter what the gas may be. Consequently, we can change over at will, in any 
Statement about gases, from volumes to molecules and vice versa. 

This means that by applying the Jaw to volume measurements of gases, we can 
probe right to the heart of a chemical reaction, to the actual molecules themselves. 
It is an enormous step to change directly from an experimental statement like: 


2 volumes of hydrogen combine with 1 volume of oxygen giving 
2 volumes of steam (temperature and pressure constant) 


to 
2 molecules of hydrogen combine with 1 molecule of oxygen giving 
2 molecules of steam. 
The second of these two statements goes right to the essentials of the reaction, 


to the very molecules themselves. The iaw is important because it gives us this 
Power to reveal the molecules themselves at work in chemical reactions. Note, 
however, that it applies only to gases. . 

examples illustrating this important change from yolume measurements 
to statements about molecules follow. al 


Ammonia 
By experiment, 2 volumes of ammonia decompose to give 1 volume of nitrogen 
and 3 volumes of hydrogen. 
Applying the Law, 
2 molecules of ammonia contain 1 molecule of nitrogen and 3 molecules 


of hydrogen. 


Hydrogen chloride : 
By experiment, 1 volume of hydrogen combines with 1 volume of chlorine to 
give 2 volumes of hydrogen chloride. „ 
Applying the Law, 
1 molecule of hydrogen combines with 1 molecule of chlorine to give 2 


molecules of hydrogen chloride. 


Nitrogen oxide j à 
By experiment, 2 volumes of nitrogen oxide decompose to give 1 volume of 


nitrogen and 1 volume of oxygen. 


Applying the Law, : 
2 molecules of nitrogen oxide contain 1 molecule of nitrogen and ! molecule 


of oxygen. 4 
(Temperature and pressure assumed constant througheut) 
it is only a further step to the deduction of the forinulae 


F. 
Fite o theseetatement ned. This step is given in Chapter 12 and the 


7 the gaseous compounds concerned. ^ F 
formulae of the is ke gases are considered in Chapter 13, 
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How Avogadro's Law explains Gay-Lussac’s Law 


Assume throughout the following paragraph that temperature and pressure are 
constant. 


When gases react chemically, the reaction must take place between individual 
molecules of the gases. As Dalton suggested in the similar case of combination 
between atoms, the reactions will take place between small whole numbers of 
molecules of the reactants to produce small whole numbers of molecules of the 
products, 

We have seen in the Jast section that, employing Avogadro’s Law, we can 
change over directly from statements about molecules to statements about 
volumes, provided that gases only are concerned. Making this change, the jast 
sentence of the last paragraph becomes: the reactions will take place between 
small whole numbers of volumes of the reactants to produce small whole 
numbers of volumes of the products (all being gases). This is what Gay-Lussac $ 
Law states, Hence, Avogadro’s Law has enabled us to deduce the experimentally 
observed Law of Gay-Lussac. 


Avogadro’s Law and the relative molecular masses of gases 


We have seen, in Chapter 4, that relative molecular masses are expressed 
as the mass of one molecule of the substance compared with the mass of one 
atom of hydrogen. We have also seen, in this chapter, the very important 
relation which exists between the number of volumes of gases and the number 0 
molecules of gases involved in chemical reaction. It is now necessary to find how 
the atom and the molecule of hydrogen are related to one another. This will lead 
us to a method of determining relative molecular masses, 


The nature of the hydrogen molecule 


By experimental work which is fully described later (page 123), it has been found 
that (at constant temperature and pressure): 


1 volume of hydrogen combines with 1 volume of chlorine to give 2 volumes 
of hydrogen chloride. 


.Applying Avogadro's Law we can say at once: 


1 molecule* of hydrogen combines with ! molecule of chlorine to give 2 
molecules of hydrogen chloride. 


Now each of the two molecules of hydrogen chloride must contain some hydro- 
gen. The least amount of hydrogen which can be contained in one molecule o! 
hydrogen chloride is one atom, because the atom of hydrogen is indivisible. 
Consequently, the least amount of hydrogen there can be in two molecules o! 
hydrogen chloride is 2 atoms of hydrogen. But these 2 atoms of hydrogen must 

1 have come from the | molecule of hydrogen marked *; therefore. a molecule o! 
! hydrogen must contain at least two atoms of hydrogen. 

But hydrochloric acid forms with sodium hydroxide one sali only, sodium 
chloride. Two series of salts have never been obtained from hydrochloric acid a$ 
they have from, for example, sulphuric acid. Thus with sodium hydroxides 
sulphuric acid can be made to form bo'à normal sodium sulphate and acid 
tiim sulphate (see page 412). Since the hydrogen of hydrochloric acid cannot 
^e reptsced in two stages, there is only one hydrogen atom in the molecule. But 
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the two hydrogen atoms necessary for two molecules of hydrogen chloride ha 
been obtained from one molecule of hydrogen. Hence the molecule of hydr: S. 
contains two ators. rt 
Try to visualize what this means. It means that, in ordinary gaseous hydrogen 
no separate atoms of hydrogen exist. All the particles consist of two: hydrogen 
atoms, locked in a chemical embrace, and moving always as a single unit, the 
molecule. It is as if the hydrogen atoms are paired off to run a perpetual three- 
legged race. The molecule, consisting of two hydrogen atoms, never breaks up, 
except for the purpose of engaging in chemical reactions. This fact is expressed 
by writing the hydrogen molecule as Hz, which means a single molecule of 
hydrogen containing two atoms. (2H would mean two separate hydrogen 


atoms.) 

By a somewhat similar argument, i 
contains two atoms, and the reaction 
diagrammatically expressed as in Figure 61. 


t can be shown that the molecule of chlorine 
between hydrogen and chlorine may be 


temperature and pressure constant 


or in simplest terms, 
Hz + e d gua 
Figure 61 


s of molecules of hydrogen, chlorine, and hydrogen 
al yolon 7 d a: 

Itis k similar experimental ev! ence and argument, that nitrogen 
and des ARAR two atoms per molecule and their molecules are written 
N, and O,. This is expressed by saying that the molecules of hydrogen, chlorine, 

i = p s, n B 
Nitrogen, and oxygen are diatomic or that their atomicity is 2. 
micity of an element is the n 


Note that equal number: 
chloride are contained in equ 


umber of atoms contained in 


Atomicity. The ato. 
one molecule of the element. 


Reletion between vapour density and relative molecular mass 
3 iqui sed with reference to water, 
The relative densities of solids and liquids are expressed we ? 
but it eave ath inconvenient to deal with gases in this way because of the 
great difference between the c s of water and gases. 
density of à gas or vapour is expressed as the mass 
gas or vapour compared with the mass of the same 
e temperature and pressure. 
> Mass of 1 volume of gas or vapour 
lensit; o[ Men MAD UE 
Vapour d Ves Mass of 1 volume of hydrogen 


a gas or vapour 
(Temperature and pressure constant.) 


lensitie: 


Definition. The vapour 
Of à certain volume of the 
Volume of iiydrogen at the sam 
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) Note that vapour density can be experimentally determined because it only 
involves weighing equal volumes of. hydrogen and the vapour. 
The relative molecular mass of a gas or vapour is expressed in the form: 


Relative molecular 
mass of a gas or = 
vapour 


Mass of 1 molecule of the gas or vapour 
Mass of 1 atom of hydrogen 


We shall now show that there is a simple relation between vapour density 
and relative molecular mass. 


Vapour density of _ Mass of 1 volume of gas or vapour 
a gas or vapour — Mass of 1 volume of hydrogen 


(Temperature and pressure constant.) 
Applying Avogadro's Law, we can say directly: 


Vapour density of _ Mass of 1 molecule of gas or vapour 
a gas or vapour  . Mass of | molecule of hydrogen 


Mass of 1 molecule of gas or vapour 


Mass of 2 atoms of hydrogen 


Multiplying both sides by 2: 


2 x (Vapour Mass gf 1 molecule of gas or vaj 

S pour 
density ofa gas = d 
GATES) MaS-of 1 atom of hydrogen 


— Relative molecular mass of the gas or vapour 


ie. the reiative molecular mass of a gas or vapour is twice its vapour 
density. 


Relative molecular mass from vapour density. Regnault's Method 
We have already noted that to find the vapour density of a gas or vapour it is 


only necessary to obtain the mass of a certain volume of the 223 or vapour and 
the mass of an equal volume of hydrogen, both at the same temperature and 
pressure. 

Unfortunately, direct weighing of hydrogen and other gases in this way is 
very difficult, partly because the actual masses of convenient volumes of the gases 
are small, and partly because changes of temperature, pressure, and humidity in 
the atmosphere introduce error during the course of the experiments. 

In principle it is only necessary. to evacuate a globe, weigh it, and fill it with 
hydrogen and weigh it again; then evacuate it again, fill with the gas and weigh 


again, temperature and pressure remaining constant, This is known as 
Regnauit’s Method. Then, 


Vapour density (Mass of globe -+ gas) — (mass of globe) 


of the gas .. (Mass of globe -+ hydrogen) — (mass of globe) 
and relative molecular mass of the gas = 2 x vapour density. 


A simpler method of finding the relative molecular mass, which can be 
applied to the particular case of oxygen, is described in Experiment 29. 
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Experiment 29 

Relative molecular mass of oxygen 
InxE ED RICE C e S18. 
Weigh a hard glass test-tube containing 
approximately 4 g of dry red lead oxide. Attach 


Figure 62 
— 


Specimen rcsults 
Mass of hard glass tube plus red 
Mass of hard glass tube pli 


Calculation. 
Mass of oxygen 


Volume of oxygen at s.t-P- = 84 X 588 X 760 


(17.397 — 17.282) 


the hard glass test-tube and contents to a gas 
syringe, as illustrated in Figure 62, and heat the 
test-tube gently. After an initial increase in 
volume of the air in the test-tube on being 
heated, the red lead oxide will be decomposed 
to yield oxygen gas. which is collected in the 
gas syringe. (If no gas syringe is available the 
oxygen may be collected over water in a arad- 
uated cylinder in the usual manner.) When a 
convenient volume of oxygen has been collected 
(say approximately 80 cm?); cease heating the 
test-tube and allow the whole apparatus to 
cool. Note the final volume of the oxygen 
collected in the syringe (or in the graduated 
cylinder). Finally, remove. the hard glass test- 
tube from the connection with the syringe and 
record the final mass of the tube plus contents. 
Note the temperature of the room, and the 
atmospheric. pressure. = 


lead oxide before heating = 17.397 g 
us contents after heating = 17.282 g 
Volume of oxygen collected — 84cm? 


Temperature = 288 K 
‘Atmospheric pressure = 750 mmHg 


= 0.115 g 


273 150 ons 


= 81 cm? 


^. 1000 cm? oxygen weigh 


0115 x 10008 
81 


=1428 


But 1000 cm? hydrogen at s.t.p- 


J. Vapour densi 


.'. Relative molecular 


If the oxygen is collected 
correction will be required befo: 


mass of oxyge 


over water i 
re the above 


weigh 0.09 g 


1.42 


ty of oxygen — 0.09 


= 15.8 
n= 15.8 x 2 
= 31.6 


instead of in a gas syringe a pressure 
calculation is completed (see page 41). 
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Molar volume (or gramme-molecular volume) of hydrogen 


It is shown on page 109 that the hydrogen molecule is diatomic and is writen 
as H;. Expressing this on the standard of 12C = 12 and H = 1.008, we have: 


H; 
2 x 1.008 
or 2.016 


If this is expressed in the scientific mass unit (gramme), it becomes 2.016 g and 
this is the mass of one mole of molecules of the gas (or one gramme-molecule o 
it). It contains the Avogadro Constant (or Number) of molecules, 6.02 x 10%- 


Definition. The molar mass (or one gramme-molecular mass, G.M.M.) of 
any gas is its relative molecular mass expressed in grammes. 


We now have: 
H; 
Molar mass 2.016 g 


By experiment, it has been found that 1 dm? of hydrogen at s.t.p. weighs 0.09 g- 
2.016 5 
Therefore, 2.016 g of hydrogen occupy 009 dm?, or 22.4 dm, at s.t.p. This 


volume is called the molar volume (or gramme-molecular volume) of hydrogen. 

We see, from this, that if we use grammes as our mass-unit, the formula, Hz 
may denote either 2.016 g of hydrogen or 22.4 dm? of it at s.p. We have 
connected the molecular formula of hydrogen with a volume, rather a convenient 
result because hydrogen, a gas, is usually measured experimentally as a volume. 


Molar volumes (or gramme-molecular volumes) of other gases 
Consider the same volume, 22.4 dm? at s.t.p., of some other gas, say oxygen. 
Since we are considering the same volume of both oxygen and hydrogen in the 
same conditions, we know, by Avogacro’s Law, that we must be considering the 
same number of molecules of the two gases. But we started from one mole of. 
molecules of hydrogen; therefore, the 22.4 dm? at s.t.p. must represent the 
same number of molecules of oxygen, i.e., one mole of molecules (or one gramme- 
molecule) of it. The same argument will apply to any other gas, which gives us 
| this very important result: 

One mole of molecules (or one gramme-molecule) of any gas occupies 22.4 dm? 
at s.t.p. This volume is called the molar volume (or gramme-molecular volume) 
of the gas. 


Definition. jos molar volume (or gramme-molecular volume, G.M.V. Jof any 
gas is the volume occupied at s.Lp. by one mole of mok me- 
molecule) of the gas and is 22.4 dm, ecules (gram. 


: cd ud pac and pica because it means that if we write the 
of gas indicated is always 22.4 dm? at s.t. 4 grammes as mass-units, the volume 
Au i ene PUE. a A Lee a eee uae that the molar volume of any 
Thus: 
H, 9 N, CO, Hs SO; Cl, 


2.016 32 28 44 34 64 71 
mmes 
224 224 224 224 224 224 224 dm? at s.t.p. 
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This means that the gases all have differin iti 
is : g densities except inci 
their relative molecular masses are the same, e.g., CO; NOA tia 


Avogadro Constant and gas volumes 


The Arogadro Constant has the value 6.02 x 1073 and was defined, on page 
46, as the number of atoms in exactly 12 g of carbon-12. It is often called ihe 
Avogadro number. Yt is also the number of molecules contained in one mole of 
molecules of any gas. It is, for example, the number of molecules contained in 
36.5 g of hydrogen chloride, 32 g of oxygen, or 64 g of sulphur dioxide, these 
figures being the relative molecular masses of the gases. The volume of gas which 
contains this number of molecules always occupies 22.4 dm? at s.t.p. 


Empirical and molecular formulae 

A method was given on page 67 for the calculation of a formula for a compound 
from its percentage composition by mass. It is quite possible for two different 
compounds to have the same percentage composition by mass either because the 
compounds have different arrangements of the same atoms inside the molecule, 
or because the molecular formula of one is a multiple of that of the other. 
Considering the second of these possibilities, it 1s clear that ethyne C,H,, and - 
benzene C,H, both having 92.3% of carbon, will both appear to have the same 
formula, when the calculation of page 67 is applied. Thus: 


Hydrogen 


Carbon 
Pre i E43: o — ee ale eee 
7.7 
Per cent by mass 92.3 
23277 Yen 
Number of atoms is represented by í 1 . 
THU 77 2 
u^! 31; 


Dividing by smallest E 


Thi : be CH for both. The reason is that this calculation 
altay Soala RPE formula which expresses the COPD aie 
stance by mass. Since the ratio of carbon atoms to hydrogen atoms Is the same 
in CH, C.H and G, Ha, the same composition by mass Is expressed in all three. 
This i cage z which expresses the composition of a compound by mass 
is called dts empirical formula. Thus, the empirical formula of both benzene and 
ethyne is CH. 


Clearly we must devise true or molecular formula. of 
the kde is is Si h. If the true formula is CH, the relative 
SIRE made 15 Dor 13; if C2Hz 26; if CoHe, 78, pic so omae, a 
determination of felative moli mass will at once decide the true ormula, 
and, in practice, fhis means etermining the vapour density (page 109) of the 
compound. The yapour density of ethyne is 13, and of benzene 39; that is, their 
relative islen nlår masses and 78 respectively. This gives a molecular 
formula C,H, fpr ethyne and CoHls for benzene. 

5i zd ula of a gmpound is the simplest formula 
Denier, 1 e emp ion by mas and which expresses the ratio of the 
E jae different atoms present in the molecule. 


P 
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Definition. The molecular formula of a compound is one which expresses 
the actual number of each kind of atom present in its molecule. 
Another example will illustrate the point further. 
EXAMPLE, A gaseous compound of carbon and hydrogen contains 80% carbon by 


mass. One dm? of the compound at s.t.p. weighs 1.35 g. Find its molecular. formula. 
(C = 12; H = 1. G.M.V. of any gas is 22.4 dm? at s.t.p.) 


Carbon Hydrogen 
Per cent by mass 80 20 
80 20 
Number of atoms is represented by 12 = 6.7 E = 20 
ED 67 — 1 20 — 3 
Divide by smallest 677 6737 


The empirical formula is CH, 


~<. the molecular formula is C,H s, where n is'a-whole number, 
4. the relative molecular mass is (12n + 37i). 
From the problem, 1 dm? of the compound at s.t.p. weighs 1.35 g. 


<. 22.4 dm? of the compound at s.t.p. weigh E3S9207024 = 30.2 g 


1 
12n 4- 3n — 30.2 
15n = 30.2 
n=2 


-. Molecular formula is C,H, 


Application of Avogadro’s Law to determination of relative atomic 
masses 

A development from Avogadro's Law, which we are now to consider, supplies a 
method of determination of the relative atomic mass of non-metals of a certain 
type. The method was first used by, and is named after, Cannizzaro. 

"The most convenient case for us to consider is that of carbon. Suppose we 
take the symbol X to denote the relative atomic mass of carbon. In a molecule 
of a carbon compound, there cannot be less than one atom of carbon, and there 
may be two, three, four, or any small whole number of carbon atoms, This 
means that, in the relative molecular mass of a carbon compound, there must be 
X, 2X, 3X, or nX units of mass of carbon (n is a small whole number). 

The relative molecular mass of any carbon compound can be found by deter- 
mining first its vapour density (by the method on page 110, provided that the 
compound is gaseous). The compound can then be analysed and the percentage 
by mass of carbon in it determined. The mass of carbon in the reiative molecular 
mass is then given by the expression: 


Percentage of carbon Relative molecular mass of compound 
100 i 1 
If this is applied to several carbon compounds, the results must represent the 
masses of the number of carbon atoms in the molecules. In the table on page 
115, the figures are given for several compounds. 
The figures in the last column correspond to the presence of one, two, three, OF 
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more carbon atoms. The lowest mass is 12 and the others are multiples of i12. 
Now it is obvious that, if we have included in our list any compound containjng 
only one carbon atom per molecule, that compound will be the first, methawe, 
or the last, methanal, because in these the mass of carbon is the least. ‘if, 


therefore, the molecules of methane and 
one carbon atom, the relative atomic mass o' 


applied to a very large number of carbon compoun 
always been found to be 12, or a multiple of 


ude that the least mass of carbon there can 


in the relative molecular mass has 


12, but never less. From this we concl 
ever be in the relative molecular mass o 
Corresponds to the presence of one car 


"mass of carbon is 12. : 
The. method can be-appli 
element forming a large num 


ied. ta determine i 
ber of gaseous or easily volatile compounds, 


methanal do actually contain only 
f carbon is 12. This process'has been 
ds, and the mass of carbgn 


f one of its compounds is.12, that thismass 
bon atom and that the relative atomic 


the relative atomic mass of any 


Relative 9t, of casbao- Mass of carbon 
Campound Macs molecular | by mass [71 in the relative 
experiment mass experiment) melecular mass 
(22x VD) 
16 
Methane ps 1007 i 
30 
Ethane aT 
8 44 
Biogas 1.8 x 100 7 36 
857 x En 24 
Ethene è 1007 
923 x ze 24 
BEA 100. 
3 


Methanal 


Questions 

Relative atomic masses 

Page 499, 

1. What is the mass of 22.4 dm* (gramme 

molecular Motus) of the following LI 

.Lp. (a) ammonia; (6) hydrogen Supe 

e  ltrogen; (d) chlorine; (e) dinitro& 
ie 


molecular mass 


will be found on 


2. Calculate the relative É 
Of the following gases from the statements: 


(a) 0.8 g of oxygen occupied at stp. 8 
E 


volume of 560 cm". a 
(b) 1400 cm? of sulphur dioxide measured 
at s.t.p. weighed 4 8- = z 
(c) 1.12 du* of nitrogen oxide measured 
at s.t.p. weighed 1.5 8- 


3. A i vapour 
hydride of carbon has » ji 


of 15, and it contains 20% of 


Calculate the formula of the hydrocarbon 


and write an equation. to t its com- 
plete combustion in exygen. (.M.B.) 
Lussag's law..of combining 


pheric pressure, 
oxygen to form x 
teous volumes being measured at s.t.p. 
OMB.) 
i corer nydroges, it was found to 
Filed cis killed wath dey chlorine atthe 
c hydro- 

game temperatare and PO) p. Using these 
a yee oe molecular mass 
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6. The following data were obtained in 
experiments with a gas. 
Experiment | 
A flask - was evacuated, stoppered, and 
weighed. It was then filled. with the gas, 
Stoppered, and reweighed, 
Mass of the stoppered evacuated flask 

= 45.340 g 
Mass of the stoppered flask and gas 

= 45.547 g 
At the same temperature and pressure, the 
mass of hydrogen required to fill the flask 
was 0.009 g and the mass of an equal volume 
of air was'0.121 g. 
Experiment 2 
When the flask containing the gas was placed 
upside down in a beaker of water containing 


universal indicator, and the stopper m 
moved, a rapid reaction took place, the 
quickly filled with water, and the 
indicator turned red. 


(a) Calculate the vapour density and d 
the relative molecular mass of the gus 
(6) Draw a diagram to show how ta 
could be collected in a gas-jar. (c) Sugges 
suitable agent which may be used for drying 
this gas. (J.M.B.) 


be 
7. Explain how Avogadro's Law can 
used to establish (2) relative molecular 
masses; (6) relative atomic masses. Illi 
your answer by reference to oxygen 
carbon. (O. and C.) 


and 


aes M CÓ 


12. Calculations involving 


Gas Volumes 


ommon occurrence in chemical 
ations involving volumes of gases are frequently 
hapter is to give a few examples of the types of 
tered in a certificate course, and to give 


The formation of a gascous substance is a ci 


reactions, and therefore calculi 
required. The purpose of this cl 
calculations which are likely to be encoun 
practice at solving them. 

It will be helpful if we summarize several points already dealt with in con- 
nection with the volumes of gases in previous chapters, for use will be made 
Tegularly of these in the examples which follow. 


Summary of data on gaseous volumes 
1. The volumes of all gases are subject to change by a variety of facters, 
especially by changes in temperature and pressure. It is therefore necessary to 
establish values of temperature which can serve as reference 
standards for purposes of comparing 8$ volumes. The standards chosen are 
0 °C (273 K) and 760 mm mercury pressure (1 atmosphere), and when a given 
Volume of gas is measured under these conditions of temperature and pressure 
at is seid to be measured under standard con dee 
In the case of a mixture of 21555 being present in th 
gas has a volume equal to the total volume of the container (Chapter 3). 
3. Equal vol f all at the same tempera p 
the on minber es of aes (Avogadro's Law). The following statement is 
also true: ? 
mal i ecules of different substances in the gaseous state 
Trabo ane id ot all volume measurements take place under 


uU the same volume, provided Mte 

same conditions of tempera 2 " : 

Thee aimes enable us to change from statements concerning relative 

volumes of gases to statements concerning relative numbers of molecules of the 
roe versa (Chapter 11): = i consi 

ed, and v molar mass of any gas is constant, and has a 


substances concerned, s 
4. The volume occupied Py. peas the molar v0 Ene of the gas (or, some- 


value of 3 at s.CP- 

times, M the aor ome molecular volume of the gas) (Chapter 3. 

These important points will be incorporated in the examples which follow. 
Determination of the volume of a 985 from the equation for the 


dac and 

EX volume at 12°C 745 mm pressure 
fog P d th ing 5 gef potassium chlorate. (K = 39; CI = 35.5; 
O — 16. Molar, or gramme molecular, volume of gases at s.p. 1S 22.4 dm?.) 
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Calculation 
The first requirement is the equation: 

2KCIO,(s) — 2KCI(s) + 30,(g) a 
Note that, in the question, a mass of potassium chlorate is given and a Eua 
of oxygen is wanted. Therefore, in the equation, we insert the masses EP P 
ate to potassium chlorate and the volume appropriate to oxygen. It is dd for 
necessary to insert a mass of oxygen. Using grammes as the mass uni En. 
potassium chlorate, O; (one mole, or gramme-mole, of oxygen) repres 
22.4 dm? at s.t.p.; 30, represents, therefore, 3 x 22.4 dm, or 67.2 dm?. 


Inserting mass and volume, we have: 


2KCIO, — 2KCI + 30, 
2(39 +.35.5 + 48) g 67.2 dm3 
245 g at s.t.p. 


From the equation: 


245 g of potassium chlorate yield 67.2 dm? of oxygen, 
i jeld eS Smior 
so, 5 g of potassium chlorate yie 245 . dm? of oxygen, 
x = 1.37 dm? of oxygen at s.t.p. 
Converting this volume to 12 °C and 745 mm pressure as the example requires: 


Pi¥i _ P202 


T AT. 
760 x 1.37 745 x v, 
273) ion 285 


S180 5€ 1:37 56 285 

~ 23x37 dm 

= 1.46 dm3 : 

-. Volume of oxygen at 12 °C and 745 mm pressure = 1.46 dm?. 


v2 


EXAMPLE 2. Calculate the volume of hydrogen sulphide at 14°C and 770 mm 
Pressure which will react with 10 & of lead(IT) nitrate, (Pb = 207; N —14; 
O — 16. Molar, or &ramme-molecular, volume of gases is 22.4 dm? at s.t.p.) 


Calculation 
We require first the Equation; the nitrate is given as a mass so we insert masses 
under its formula, while the hydrogen sulphide is required as a volume so the 
volume appropriate to one mole of gas is put under its formula, 
HS + Pb(NOj,  —> Pps + 2HNO, 
:224dm* (297 + 28 + 96) g 
, at s.t.p. 331g 
From the equation: 


331 g of the nitrate react with 22.4 dm? of hydrogen sulphide, 


T 2:922. 
30, 10 g of the nitrate react with =] 2m" of hydrogen sulphide at s.t.p. 


= 0.677 Um? at s.t.p. 
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Converting this volume to 14 °C and 770 mm as the example requires: 
piti Pada 
Ti T; 
760 x 0.677 _ 770 X 12 
273m 
760 x 0.677 x 287 , 3 
n-— mxm 
— 0.703 dm? 
<. Volume of hydrogen sulphide at 14 *C and 770 mm pressure — 0.703 dm?. 


Application of molar (gramme-molecular) volume of gases to 
etermination of relative molecular masses 
Tt follows from the above result that, to determine the relative molecular mass 
S à gas in grammes, we have simply to find the mass of the gas in gammes 
hich occupies 22.4 dm? at s-t-. 
EXAMPLE 3, 350 cm? of a certain gas were found to weigh 1 g at s.t.p. conditions. 
the gas? 


hat is the relative molecular mass 9 
From the data given, the mass of 224 dm? (or 22.400 cmn?) of the gas at s.t.p. 
is 1 x 22400 

350  Erammes or 64 grammes. 
is 64. This method of calcula- 


_ Therefore, the relative molecular mass of the gas! 
density method given on page 111. 


ti n 
On is alternative to the vapour 


Relative volumes of reacting 985°° 
EXAMPLE 4. Fi smallest -^lume of oxygen required to burn 1 dm? of 
bie of carboa dioxide formed? 


methane completely. What is the v ume 


Caloplation 
OR all we must write the equation for the 
carbe n of formula CHa, and the products of com! 
ən dioxide and water. 
2CH, (2) + 30. 28) > 2C0,(8) GE 2H20(g) 
Froni the equation it can be see? that: f 
2 moles of methane require 3 moles of oXygen for combustion. 
Therefore, by Avogadro's Law: à 
require 3 volumes of oxygen for combustion. 


reaction. Methane is a hydro- 
bustion of hydrocarbons are 


2 volumes of methane 
Hence; 
i 3 -f oxygen 
3 methane require 3 dm 

i ae eT requires 3 dm? of oxygen 

e aS : 

^. Volume of oxygen required — 1.5 dm 
ed we note from the equation that: 


To find the volume of carbon dioxide evolv pierce: 
ce 2 volumes of carbon dioxide 


2 volumes of methane produ 
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Therefore: 


2 dm? methane produce 2 dm? carbon dioxide. 


‘on of 
tion 0 
Hence volume of carbon dioxide Produced by complete combus' 
1 dm? methane = 1 dm}. 


n, both 
EXAMPLE 5. 100 em? of hydrogen were sparked with 30 cm? of m oling 10 
gases at 110 °C and 760 mm. What is the total volume of gas left after is 


»" voli 
the original Temperature and pressure? What percentage of this gas by 
steam? 


Again, the first Step is to write the equation for the reaction. 


?2Hx(9) + O;(g) — 2H,0(g) 


x " watel, 
Since the final temperature is 110 °C, well above the boiling point i e 
We are justified in writing H20(g) rather than H30(l) in the equatio! 


f 
1 oles © 
From the equation it can be seen that 1 mole of oxygen requires 2 m 
hydrogen. Hence, by Avogadro's Law, 


1 volume of oxygen requires 2 volumes of hydrogen gen 
7. 30 cm? oxygen will require (2 x 30) cm? hydrogen = 60 cm? hydro! 


i ssel 
60) = 40 cm? unused hydrogen. In addition the Yê he 


n m 
ulvalent to 30 cm? oxygen. Now, x 
Ves two volumes of steam, and there 

30 cm? oxygen Produce (2 x 30) = 


60 cm? steam. 
Hence finally in the Vessel there will be: 


40 cm? unused hydrogen 
and 60 cm? steam d 
an 

Hence total volume of gas left after cooling to the original temperature 

"wis = (40 + 60).— 109 cm, hich the 
t the end of the reaction 100 cms mixed gases ain, of w 

volume of steam js 60 cin3, of ^b 
Hence, Percentage of fin 


al gas mixture by volume which is steam 


60 3 
= 100 X 100% = 60%. ^ 
H a- 
; Other examples of the Use of Gay-Lussac and Avogadro’s Laws in eet the 
tions Involving gas yo umes will be found in Chapter 13, which deals wi 
establishment of the formulae of gaseous substances, 
Questions react 
Relative atomic masses wil be fo magnesium E 
und on 2. 1.16gof was allowed t 
pago 499, iat ee ET süphurk acid. Wis 
carbon siOxide at S.t.p. volume 9n pet 
i by dissolving 150 g of liberated? g 
Pure marble (caius carbonats) in dilute 3g Miei ete flask weighed 20.70 & 
Filled with dry hydrogen, it was found 


Weigh 20.94 g. Filled with dry chlorine at the 
hydro, temperature and pressure as the 
e den, the flask weighed 29.22 g- Using 
one, find t| i lar 

En of chlorine: he relative mol 
750 dm? of ozone measured at 20°C and 
ing ER was converted into oxygen by heat- 
30 me peaulting oxygen was measured at 
it 
nt mm, what volume would ii 
aad rite the equation for the reaction be- 
Volume ane and oxygen. Find the smallest 
ahame of oxygen needed to burn 1 dm, of 
dioxide o mpletely. What volume of carbon 

ge Pol formean (Ali volumes meas 


at s.p) (s) 

6. 

st gos volume of oxygen, measured at 

hydra Would be required to combust all the 
Ans gen produced by treating 6 grammes of 

acid re with excess dilute sulphuric 


7, i 5 
mote lain carefully the term ‘relative 
Scular mass’. Give a short account of the 
Conci nts and reasoning which lead to the 
s that the relative molecular mass 
8. De is 18. (O. and C.) 
Taos the terms ‘vapour density’ and 
and dedus weight’ (relative molecular mass), 
that erou from your definition the relation 
tion apot between them, stating any assump- 
metal YOu make in the deduction. 
and ait Chloride has a vapour density of 1 
How ontains 54.6% of chlorine by 
mop, Dany atoms of chlorine does 
lé contain? (Cl = 35.5.) (C 


its 


mol i 
how do mass and vapour density, 
SycÓSUnospheric pressure and 
Whati of phosphorus vapour weigh 0. 
Phorys (26 relative molecular mass of phos- 
9.09 (1 dm? of hydrogen at s.t-P- 
ii 8)? (O. and C.) 
- Explain h 3 A 
ow Avogadro's Law 
mad, lo establish (a) relative molecular 
ur 3 (5) relative atomic masses. 
Carbon Wer by reference to OXY! 
n. (O. and C.) 
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(a) The mass of a litre of hydrogen 
chloride at s.t.p. 

(b) The relative molecular mass of hydro- 
gen chloride from the given data. (One dm? 
of hydrogen at s.t.p. weighs 0.09 g, one dm? 
of air at s.t.p. weighs 1.293 g.) 


12. Explain the use of a chemical equation 
and the information which it conveys. 

Give equations representing three chemical 
reactions and state the exact meaning of 
each equation. (O. and C.) 

13. Describe in detail the qualitative and 
quantitative experiments you would carry 
out to show that the equation 
CuO + H; = H;0 + Cu 

represents the action of hydrogen on red-hot 
copper(I) oxide. (O.) 
14. The weights of equal volumes of certain 

were compared at the same tempera- 
(N.B. This is not s.t.p.). 
"The results are given in the table. 


Mass of 1 4m? 
of gas in grammes 


ope Lue s er 


Methane, CHa 0.40 
Carbon dioxide, CO; 1.10 


0.05 
Hydrogen, Ha : 
Sulphur dioxide, SO 1.60 


the four gases in the table, plot a 
graph of relative molecular mass against 
mass of 1 dm?. Molecular mass should be 
along the x axis (the horizontal axis) using a 
scale of 1 i h (or 2.cm) for a relative molecu- 
scale ass of 10. Use a scale of 1 inch (or 2 
lar for a mass of 0.2 grammes along the y 
t mass of 1 dm? of 5 hydrocarbon, 
is 1.45 grammes at the temperature 

e Pressure of the experiment. Use the 
ph to estimate the relative molecular mass 
of this hydrocarbon. If y is 10, suggest a 
value of x which would fit the observations. 
Attempt to show how the atoms are arranged 
of this compound (one isomer 


(a) For 


only). : 
When ethanol vapour is passed over a 
the following reaction can 


take place à 
CHORO — CAD + H,0@) 


removed from the gaseous pro- 
a hich was thought pio 


"4 C 1, 
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ich the gases in the table above were 
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In this chapter, we shall-give thees imental evidence, and-the reasoning from 
fiue PY which "ide ofa ES of common gases have been established. 
~ Tt is most importünt tat you should note carefully the wayan which Avogadro's 
w is‘contiiually employed it eetabiishiny these formulae, both directly in 
Converting. volume measurements into evidence of. the numbers of-molecules 
involved, and indirectly when vapour density measurements are employed. The 

_ importance of the Law in the followin work cannot be over estimated. 
“Récatise the experiments are diffic o set Up and to Gag out, or involve 
intricate safety precautions, it ig not advisable for bah em ex ag PB 
‘class experiments, Nevertheless, fairly full experimental Pet pane fore 
is important for the student to understand all that 15 involved in obtaining an 

accurate result. EN US [mno 


Hydrogen chloride periment are under the 


2 volume measurements made-durips the S M 8 
Same conditi ture and pressure. ian R i 
ee exer 2 O me 


eee ned with? 2 -eonodntated 
sque Pate solution of _ hydroclorig acid 
ated So assec Dh $ 


in 
coil, and 


S lose the 
itt is k glass he.greeneolour of 
M. Ed ‘o.onetap withomiercury, 

*fhlori; 3 - d. Kil the > der mercury isaimortar 


üt and, 
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Open the tap. No gas enters or leaves. Close the tap, replace the mercury jn thy 
tube by water, and open under the surface of water, The latter rises and álmos 
fills the tube. 

Note. The experiment on page 151 (electrolysis of hydrochloric acid) shows 
that the gases which fill the eudiometer tube consist of equal volumes of hydrogen 
and chlorine. id 

This proves that the whole of the gas in the tube was hydrogen chiori E 
because any excess of hydrogen or chlorine would not have dissolved with this 
rapidity. This experiment proves that, starting with half a tubefu! of hydrogel 
and half a tubeful of chlorine, we obtain, by their combination, a tubeful 
hydrogen chloride (temperature and pressure constant) or: 


1 volume of hydrogen combines with 1 volume of chlorine to give 2 volumes 
of hydrogen chloride (temperature and pressure constant). 


Applying Avogadro's Law, we may substitute molecules for volumes, all the 
substances being gases, 


-. 1 molecule of hydrogen combines with 1 molecule of chiorine to V 
2 molecules of hydrogen chloride. 


But 1 molecule of hydrogen and 1 molecule of chlorine each contain 2 atoms: 


d 
-. 2 molecules of hydrogen chloride contain 2 atoms of hydrogen 4? 
2 atoms of chlorine. 


d 
-. 1 molecule of hydrogen chloride contains 1 atom of hydrogen ar a 
1 atom of chiorine, 


4. The formula of hydrogen chloride is HCI. 


‘Lue equation for the above reaction is H2(g) + Cl;(g) —- 2HCI(g). A 
Note. Since the reactants and products are all gaseous the vapour density iS 
required. 


Ammonia gas 


The full argument depends upon two experiments (a) and (6). e 2 
(a) Ammonia gas can be formed by sparking nitrogen and hydrogen in a 
able proportions. This proves that ammonia contains these two elements only: 
(This experiment is not described here.) 3 

(b) Hofmann's method (described below) may be used to demonstrate wr 
volume proportions of the nitrogen and hydrogen combined in ammonia. T. 
method depends on the following facts: 


@ That ammonia reacts with chlorine, liberating nitrogen and forming 
hydrogen chloride. 

Gi) That the hydrogen and chlorine combine in equal volumes when hydroge? 
chloride is formed. (See last experiment.) 


Take an apparatus similar to that of Figure 64, It can easily be made vy 
heating a burette (a damaged one will be quite satisfactory if the length from 0 
tap to the open end is 40 cm or morc) and drawing out the heated portion uns 
it forms a constriction of which the diameter is about that of ordinary 21255 
, tubing, and then making a file-scratch on the constriction and breaking ^l 

separate from C. AB should be about 30 cm long and graduated into three ed ith 
portions. Attach AB to a chlorine generator in a fume-chamber and fill it w 
chlorine. Add the rubber tubing and clip, and the portion C, and clamp, 
whole apparatus in a vertical position. Put a little concentrated ammonia int 


Formules of Gases 125 


C, cautiously rel i 
Th ; lease the clip and allow a little of the ammoni: 
Go a flash of light and white fumes of ammonium duloride vill ap i 
nim ae : js more ammonia to enter AB until there is no further Macc aud 
ESSET ps 2 liquid have collected at B. Then put dilute sulphuric acid into C, 
emacs te me little litmus solution and run it into AB to neutralize the excess 
coe rm ing care that C does not become empty of liquid or air will be 
nhas o AB. When the solution in AB is red (7.e., when ali the ammonia has 
sutralized) remove C and place AB in a wide, deep vessel filled with water 


So that the tap B is well immersed. O í i 
t . Open the tap. Water will enter. 
ee into the vessel until the levels of water inside and outside ae 2 d 
bes atmospheric pressure inside AB. It will then be found that the gas ‘eft 
Thee one-third of the volume of 4B. Fhe gas is nitrogen. 
e original volume, 4B, of chlorine combined with hydrogen from the 
hloride. A volume, AB, 


ammonia to form hydrogen C! of hydrogen from the 


Figure 64 


SUA must have been used up to combi 
th ). At the same time, one-third of à yolume 
e ammonia. 4 
-. 3 volumes of hydrogen Were combined with 1 volume of nitrogen 
in ammonia gas (temperature and pressure constant). 
Applying Avcgadro's Law; we may replace ‘volumes’ by ‘molecules’. 
. 3 molecules of hydrogen combine with 1 molecule of nitrogen 


©. 6 atoms of hydrogen combine with 2 atoms of nitrogen or, 


In the simplest terms, 


3 atoms of hydrogen combine with 1 
-. the simplest (empirical) formula for amm 
molecular formula is (NHs)n where n is à W! 

-. the relative molecular mass of ammonia gas is 
We now need the relative molecular mass of ammonia gas to 


of n. 


ine with this chlorine (see [ii] page 
AB of nitrogen was liberated from 


atom of nitrogen 
onia gas is NHs and its 
hole number 

(14 4- 3)n or 17n. 

find the value 
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The vapour density of nitrogen oxide is 15. 
*. the relative molecular mass of nitrogen oxide is 30. 
7.14 + 16x = 30 
x= 1 
<. formula of nitrogen oxide is NO 
3Fe(s) + 4NO(g) — Fe;0,(s) +- 2N2(g) 
Note. Pure nitrogen oxide for this experiment is conveniently prepared by half- 


filling a small flask with iror(IT) sulphate crystals, covering them with dilute 


sulphuric acid, warming, and dropping sodium nitrite solution into the mixture fro! 
a tap-funnel. 


Dinitrogen oxide 


Exactly the same experiment is performed as for nitrogen oxide except that ge 
gas. must be confined over mercu: 


ry because dinitrogen oxide is fairly soluble i 
water. The hard glass tube should be only about half-filled with the gas at first: 
Tt is found that the volume of nitrogen left is equal to the volume of dinitrose® 
oxide taken. 


7. 1 volume of nitrogen is contained in 1 volume of dinitrogen oXid* 
(temperature and pressure constant). 


Using Avogadro's Law, we may substitute ‘molecules’ for ‘volumes’. 


7. 1 molecule of nitrogen is contained in 1 molecule of dinitrogen oxide 
7. 2 atoms of nitrogen are contained in 1 molecule of dinitrogen oxide 
7. the formula of dinitrogen oxide is N,O,, where x is a whole number 
«. the relative molecular mass of dinitrogen oxide is (28 + 16x): 
"The vapour density of dinitrogen oxide is 22. 
7. relative molecular mass of dinitrogen oxide is 44. 
4.28 + 16x = 44 
MEx-1 
~“. the formula of dinitrogen oxide is N,O 
Fel) + AN;O(g) — FesO,(5) + 4N, (9) 


Hydrogen sulphide 


[od 
Ydrogen sulphide is confined over mercury at am T 
7). By means of an induction coil, electric spat 


y n 
nm ME for some time. This decomposes the hydt0B 
hydrogen is left. It is fo, RR 


ctl al i n 
perature and pressure ee S Tol, of siege matis uS 


*- 1 volume of hydrogen i ined i iphid* 
gen is contained in i volume of h drogen suip 
(temperature and pressure constant). 4 
Applying Avogadro's Law, we may substitute ‘molecules’ for ‘volumes’. t 
ut 1 molecule of hydrogen is contained in 1 molecule of hydrogen sulphict 
-. 2 atoms of hydrogen are contained in 1 molecule of hydrogen sulphi 
b 
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S» where x is a whole number 


^. the formula of hydrogen sulphide is H2 
(2 + 32x). 


-'. the relative molecular mass of the gas is 
The vapour density of hydrogen sulphide is 17. — 
«<. thé relative molecular mass of hydrogen sulphide is 34. 
SL243x-— 34 
xul 


formula of hydrogen sulphide is H2S 
HSE) > Hale) + Ss) 


Carbon dioxide ; 
i i little dry powdered charcoal (0.02 g is 

The apparatus of Figure 68 is ud A little do P oxygen is passed EA 
is closed and mercury poured into 


í required for 40 cm?) is placed 3 5 
the whole apparatus for 3-4 minutes. The clip 


Figure 68 


130 
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the manometer. The clip is momentarily released to make the pressure " 
tube atmospheric. The graphite is heated with a small flame, and it poe fall, 
always obviously) to carbon dioxide. Expansion Causes the level at C D d D 
and the level at D to rise,” but, when the bulk has cooled; the levels at C 
return to their original positions, that is, the volume of carbon dioxide fo! 

is equal to the yolume of oxygen used. 


: ioxide 
7. 1 volurne of óxygei- i&"contained-in&I-Volüme of carbon dioxi 
(temperature and pressure constant): 


Applying Avogadro’s Law, we may substitute ‘molecules’ for ‘volumes’. 
<. 1 molecule of oxygen is containéd,in 1 molecule of carbon dioxide 
~. 2 atoms of oxygén aré contained in 1 molecule of carbon dioxide 
7. the formula of carbon dioxide is C.O;, where x is a whole number 
7. the relative molecular mass of carbon dioxide is (12x + 32). 

The vapour density of carbon dioxide is 22. i 

7. the relative molecularimass of carbon dioxide is 44, 

“. 12x +32 = 44 
x= i 
7. the formula of carbon dioxide is CO, 
CB) + Og) — CO.) | 


Sulphur dioxide - LX ur 


Ozone 


f 3 å 
Czone can be made from oxygen and can be converted by heat into oxygen sg 
no other product. It must therefore have the formula, O,. The value © 
established as follows: j 


. } " i e 
1. Ozone reacts with turpentine, Suppose that on treatment with turpentm 
200 cm? of ozonized oxygen shri tin volume by x cm?) This means that in 
200 cm 


of ozonized ox gen there-are x cm? of ne. 
2. Another 200 din? od $ kx 


on- 
of the same sample of ozonized oxygen are fiosie eo 
verting the ozone to oxygen. It will be found that there is an increase in Xen : 
of x/2 cm? on cooling to the original temperature, pressure remaining con? erly 
This means that the oxygen formed from the ozone occupies the x cm? form 
1 3x ; 
occupied by the ozone, together with a further x/2 cm®, ie., =y cm? in al 


. . re. 
“^. x em? of ozone yield = cm? oxygen at same temperature and press 


* If the level at C falls so that gas is in da 


nger of being lost, remove the burner and clo? 
the mouth of tube D lightly with the finger. 
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mies ree at Same temperatu 


‘Or: 2 volumes of ozone yield 3 sölu 


By ‘Avogadro’ s Law, 
d molecules. of. Ozone: PS 3 ajoleutes of Oxygen, 


ord 


leat 


aR d 


D and the format of ozone: is T 5 


i AL measured "volume" of. carbon UE confined over mercury, 
‘meter tube; is mixed, tha ‘measured volume of oxygen equal to TR times 
its own Yohime, The. mixture. js explóded by d > spark passed. between platinum 
J leads sealed througli: the: glass.' After cooling, the yolume ‘of residual.gas is 
measured and the carbon dioxide i is, absorbed: by- allowing some. concentrated 
“caustic potash Solution’ to. ise: above the mercury. (The? potash: pns is lintro- 
duced at th bàttom of the tubé by nieans of a spall pipette ‘Bent st the tip) The 
os » diminution i jn volume. ‘caused by the potash’ represents ilie volume of carbon 
msa dioxide formedoThe residüal volumeds Meg excess or ek randy by subtracti 


, this from the original | yoluma Eor OSEE 
pano AT "edsüremia nts gi dnd 


‘for’ em Then, 
lof oxygen’ to Tm 


carbon. jnonoxide conta 
bon dioxide > n 


bon’ oxide: is. COs 


onoxide: is SCO. nang 
gaseous the vapour density is mot 


f'carbon t 
the: formula for carbon m 
d. the reactants im  producis are all 
oréquiradi pna mrad 00 SM S, gut 


dt the fi rans of o 


Questions | 
vs t HOW Would you'stiow, Soie that 
volu olurmes oF hydrogen combine vath. one 
ume of oxygen. to yield two volumes.of 


Steam? What ded fr 
uctioris be drawn from Es 

Ben facts as to thé pum ‘atoms in the “ /" préssure. 

2 gen. molecule? (C) ^ = State the law which ie sii illus- 
Com; uc d give the name author, 
“Loy: pléte thé following Statements: : í E clearly how the formulae of steam 
lümes of hydrogen unite with and ammonia Hey d from the statements 
E Voie) of oxygen to give — you have made. (.M.B) " 

ts an the 


Solo of steam, all the substances 
bei "C" itmosphere Describe two experiment 
\ ee 100 Eee ate of which the formula CO. for carbon 
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dioxide may be derived. Point out clearly 
what assumptions are made in the deduction 
of the formula, 


4. Describe the preparation and principal 
properties of carbon monoxide. What is the 
evidence on which the formula CO is 
assigned to this gas? (L.) 


5. Give an account of the experimental evi- 
dence on which the accepted formula for 
hydrogen chloride is based. 223 cm? of 
hydrogen chloride and 250 cm? of gaseous 
ammonia, both measured at 13 °C and 770 
mm, were mixed. Calculate the mass of the 
solid product. (Cl — 35.5, N — 14) (L.) 


$. State Gay-Lussac's Law of Gaseous 
Combination, illustrating your answer by 
reference to four examples. 

How would you show experimentally that 
a given volume of hydrogen sulphide con- 
tains twice as much hydrogen as an equal 
volume of hydrogen chloride? (L.) 


7. (i) 15 cm? of methane, CH4, are exploded 
with 80 cm? of oxygen, both gases being at 
room temperature and at atmospheric pres- 
sure. Calculate the volume which each of the 
residual gases would occupy after adjusting 
to the original conditions of temperature 
ii) State an important commercial Sol 
of methane. (O. and C.) x 


metallic element. It forms a Baseous com- 
pound with 
selenide, This 


that 2.4776 by mass of the com und i 
hydrogen. information does this io 
about the formula of. hydrogen Selenide? 
(b) The mass of 96 cm? of h 
selenide at room temperature and 
is fo nd to ibe 0.324 g. What information 
does this give about the formula of hydrogen 
selenide? (Assume that 1 mole of gas mole- 
cules occupy 24.0 dm? at roo; tem 
and pressure.) 
(c) Hydrogen selenide can be deco 
completely into hydrogen and Selenium 
passing the gas through a heated tube. 
Write an equation for this decomposition, ” 
(d) Calculate the volume of hydrogen 
which would be obtained b; 


apparatus you would set up, i 
briefly how you would Pay. EL) 


m temperature - 


9. Describe in detail how, in the laboratory, 

you would prepare T collect ay m 

starting with a suitable ammonii ; 
Ammonia decomposes if sparked D 

ally, What would you expect to be the 

ducts of the decomposition ? What percen 

increase in volume would you expect to 

P ; 

If the percentage increase in volume Wee 

in fact less than the value which you E 

(5), what explanation would you offer 


10. 10 cm? of a gaseous hydrocarbon were 
mixed with 30 cm° of oxygen and the moled 
Was exploded. After the mixture had COG 
toroom temperature, 20 cm? of gas romroxide 
After shaking this gas with sodium hy! 0 cm. 
solution, its volume was reduced to 10 cf 
The remaining gas rekindled a glo 
PA N: th ining at the end. 
a) Name the gas remaining 
- o What were the reacting volumes of tbe 
'ydrocarbon and oxygen? ih 
(c) Name the gas absorbed by the akali 
. (d) State the volume of the gas 
in (c). ction- 
(e) Name the other product of the af dro“ 
(f) Work out the formula for the by 
carbon. (J.M.B.) 


11. In this question, all volumes were me 
Sured at room temperature and p. 

(a) When 100 cm? of a gaseous bys 
carbon, P, were heated in the presence | 
catalyst with 100 cm? of hydrogen, A imed, 
new gaseous compound, Q, was eft over- 
there being no P and no hydrogen le tells 
Errai oi what this information 
you about the gas P. . 

(5) When 100 cm? of the gas Q were mireg 
With an excess of oxygen and an < 350 
spark there was an explosion; «r5 
cm? of the oxygen had reacted, and 200 The 
of carbon dioxide had been formed. rial 
steam which was the only other product oc 
the explosion had condensed to a (UE 
Water of negligible volume. Explain cl t the 
what this information tells you about ths 


gas Q. 
(c) Give the name ana formula of the 
gas P. 


(d) Describe a simple chemical test whic - 


will distinguish between P and Q. " 

: (©) The gas P is an important raw materi 
in industry, Name one substance th the 
manufactured from P, DRE Eure dal d 
reaction is carried out, and give 

ant use of the substance manufactured. (L2 
12. Describe carefully any experiment wid 
you have seen or read about, the aim O 
which is to determine the volume compos 
tion and the formula of a gas. (N.I.) 


ee € 


Units of volume measurement 
cn chapter is concerned with the measurement of volumes of aqueous solu- 
QUE The recent introduction of the so-called S.I. units (Systéme International 
ds nités, or International System of Units) into scientific work has brought 
e out a change in many © e units used for scientific measurements. In par- 
cular the unitsin which volumes of substances are measured have been affected 
and it is now required that all volume measurements be based ultimately on the 
rt a standard of linear measure. "Thus the litre (1) and millilitre (ml) have 
n replaced by the cubic decimetre (dm? and the cubic centimetre (cm*) 
respectively. In fact, it Should be appreciated that the ml and the cm" are 
identical, but cm? is preferred and should therefore be u 


Standard and molar solutions i 
Volumetric analysis is 2 means of estimating quantities of certain materials 
(often acids or alkalis) by 8^ analytical P which involves measurement of 
volumes of solutions, USing pipettes, purettes, and (for approximate measure» 
ments) measuring cylinders: WWeighings may also be involved. 

known concentration. 


Definition. A standard solution is à solution of 
own to contain, Says 12 g of sodium chloride in 


For example, à solution known © i 
one dm? of solution is 8 stan ard solution. å 1 

The system now generally approve work is based upon the 
molar (M) solution. Such ^ ye compound contains the relative 
molecular mass in es (or one mole) of the compound in one cubic 
Definition. A molar (M) sol jon of à compound is one which contains one 
mole of the compound in one cubic decimetre (dm?) of the solution. 
For example, since CHi a molar solution of glucose contains 180 g 
in 1 dm?. In the case of strong electrolytes such as sodium chloride or sodium 
carbonate, which do not exist as molecules to any significant extent in dilute 
solution, the expression molar ma: valent to one mole. For 
example, the molar mass of Na,CO3 is taken aS 06 g (Na;COs = 106) and 
molar sodium carbonate gelation contains 106 g of the anhydrous salt in one 
dm* of solution. In fact, the oived salt js almost i 
(in dilute solution) in the pr Na+ to CO 


gapsolved = 

roportion oF 2Na 

hydration of ions jn solution. j , 
Molar solutions of jc compounds commonly used in titration contain the 
of the compounds in 1 dm? of solution: 

jum hi droxide NaOH 405 

ae y hydroxide KOH 568 
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sulphuric acid H,SO, 98g 
hydrochloric acid HCI 36.5 g 
sodium carbonate Na,CO, 106 g 


e. sodium hydrogencarbonate NaHCO, 84g 
The figures quoted are the molar masses of the respective compounds. a 
Derivative concentrations are.also used, e.g., 0.LM, 0.5M, 2M, and. tl nt 
contain one-tenth of, half of, and twice (respectively), the mass of solute; prese 
in an equal volume of the corresponding M solution. 


Standard solutions in acid-base reactions 


In the present chapter we shall be concerned entirely with acid-base reactions 
as these are probably the most common types of reaction in volumetric analy 
at an elementary level. However, it-must be appreciated. that itis possible 
have a standard solution of many different types:of substance, e.g. à stand 
solution of an oxidizing agent or a standard.solution of a.reducing,agent. .— 
It is Obvious that some-accuzztely standard solutiomis required as a starting 1 
point for Volumetric estimations, Actually few compounds are-suitable20- b 
direct preparation of án'accurately standard solution. Some compounds abso 
water from the air and, for this reason; cannot be wéighéd out accurately mies 
' excessively difficult precautions, e.g; sodium hydroxide, potassium: hydroxide 
and concentrated sulph&zic acid. Others react With carbon dioxide of the air, € 


2NaOH(s) (or 2KOH) + CO;(g) — Na,CO,(8) (or K,CO;) + HOW 


Solutions may contain volatile constituents, and.be-liable to change slowly d 
concentration during ordinary use, e.g., concentrated hydrochloric acid à 
ammonia E ^ : M an 

„A compound Which is contimonly utilized for the direct preparation of 27 
accurately standard solution is anhydrous sodium carbonate. Yt is best made fro 
sodium hydrogencarbonate of high purity (which can be bought from chem! 
Suppliers),"This is done by heating the sodium. hydrogencarbonate-to 0715/7 
mass, which ensures.completion of the decomposition: 


| 2NaHCO,(s) > Ne4COs() ---H;O(I).-i- CO) 
The anhydrous sodium carbonate so formed is very pure and cán be used # 
ordinary weighings with no appreciable change of composition. : 
“Experiment 30 x 92 [M 


Preparation of a standard soluti 
5 (0.1M concentration)... 


on of sodium carbonate 


^s stated above, molar'sodium carbonate solu- 
fion €ontains:106:g of solute in 1.dm?. (since. 


: Put about-8. g of, pure. ‘sodium. hydrog9" 
1::Ne3€0; =. 106). Consequently, 


TR carbonate into ;a, dry, clean evaporating i 
ion $3 “tM sodium: and-heat it with stirring for, ‘say, 15 min 
s ne aeae saletan nente 10.6 g ofsolutein Place it in a desi AMA Se ‘weigh 
a laboratory RNE OR pemon made up in. Without further stirring (to prevent loss of solid), 
volume allows fhrea t 15490 em" because this’ heat the dish again for five minutes of sò, coo! 
with a reserve f titrations ‘of 25 cr®each,” in the ‘desiccator and weigh; and. só. on Un 
ais DESIDI ROT tan washings of pipette "two consecutive weighings are the same. storo 
0.1M soluti failures: Fat 260 om*'ofi.-te dish /snd pure: sodium caiboriate in tO 
E so ution, the mass ‘of 'ánhydrous: sodium - desiccator: qo cose cor E 
2 add Tequired.is one-quarter of 10.6gyor. .Weigh a watch-glass (or, better, a stoppored 
.65 g: à s=- Weighing botilé)' nd weigh out, on to i 


nd 2.68 g of anhydrous sodium carbonate. 
.T8P tho carbonate into a.beake ith lip) 
Gf about 400 cm? capacity, co 


cm of hot distilled water. Wa: 


b own the 
wn t 

hot distilled water from a wash-bottle and 
allow the washings to fall into the beaker 
(Figure 69). This procedure should wash a// the 
Sodium carbonate into the beaker.’ Stir with a 
glass rod tili dissolution of the’ solid is'complete, 
ien Cool. the ‘solution to room temperature. 

eavé the rod standing in-the:solution- nsi 

Place a very;thin smear'of Vaseline under the: 
Jip of the beaker and pourthe solution down the 


glass rod. into. a measuring -flask (250, cm?) + 


"Watch glass 


|" The preparation of ‘a standard 
air and is never reliably p 
in:concentration and) it is then’stan 

os vexactly O.IMi yo. horses 


' the 0:1 M acid" contains 9.8 g of. 
j 5, S0 


,, and (b) the. estimation © 
-, alkali, solution. 


Notes Safety goggles should bë' wort Yor this 
‘experiment, T (sanay, ilem 123 an 
bal Great ‘care, because f th 
Hanes nature of the acid, take 

oncentrated Sulphuric acidin small m 


a’ dangerously 
55-6.0 cm? of 
easuring 


about ` 


watch-glass (or weighing bottle) with a jet of ^ 
—drop by drop from a pipette till the Towest level 


solution of sul 


out directly, because. ‘concentrated sulphuric aci 
bly pure: A solution is prepa: 
dardized and diluted with distilled water to 


jution’of sulphuric acid 
the acid in 1 di 
9.8 g of it occupy about 5.5 cm?. 
standard solution of 
n of sulphuric acid to an à 


cylinder; p' 
cm? of cold 
Pour this solutio: 


distilled water in 
4000 cmi, wash out the beaker with coid 
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S bssker out at least twice With jets of 


Wash tf 


of the meniscus, is on the mark when at eye- 
level (to avoid parallax érror)- Stopper the 


‘measuring. flask and ‘shake ‘welh"The liquid 
:should:then be exáctly 0.1 M‘sodium carbonate 


solution. 


Sodium carbonate 
solution 


Figure 70 


phuric acid cannot be carried 
id absorbs water rapidly from'the 
red which is a little above 0.1M 


contains 98g. of pure acid in 1 dm?, so 
m°. The concentrated acid has a 
sulphuric acid involves 
pproximate molarity, 
ion using a previously standardized 
—— 


ti 


trated sulphuric acid solu 


our it, with stirring, into about 100 
distilled waterin a beaker (with lip). 
n into, Say, 700 cm? of cold 
a measuring flask of capacity 
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distilled water twice and add the washings to 
the measuring flask. Then add distilled water T repart 
approximately to the mark on the measuring the 0.1M sodium carbonate solution P! 

flask, stopper it, and shake well. This should above. 

NES GUAE AUP ee ape Ir FRY PII leen, ces was ANGE TE 


la ` 
give sulphuric acid of concentration E i 
above 0.1M. It is now standardiz 


The estimation of the concentration of a solution of an acid by reaction wit 
standard alkali solution is known as a titration, when carried out accor! i E Lo 
the process described in Experiment 32 which follows. The term peter EL 
applies to the estimation of the concentration of a solution of an alka Veen 
action with a standard acid solution. The point at which the acid ae die 
added to the alkali in the mole proportions indicated by the equation. {base 
Teaction is known as the end-point of the reaction. The end-point of an eat a 
Teaction is commonly determined using a substance known as an eae 
which usually changes colour according to whether the solution is pre ined in 
antly acidic or alkaline. The function of the indicator is more fully explai 
Chapter 24. 


E aaa 
Experiment 32 


The determination of the molarity of a solution of sulphuric acid 


Wash out a burette (50 cm?) twice with a few 
cm? of the approximately 0.1M sulphuric acid 
and run the acid out through the tap. (This leaves 
the burette wet with the liquid it is to contain 
and nothing is left to contaminate the acid 
solution when the burette is filled.) Fill the 
burette 1 cm or so above the 0 cm? mark and 


Figure 71 


run a little of the acid out through the pu 
bringing the acid level a little below the Wi 
mark and filling the tip of the buretto 
acid. f. ittlo 

Wash out a pipette (25 cm?) twice win 
of the exactly 0.1M sodium carbonate $0! is to 
This leaves it wet with the solution it | otto 
measure. Draw this solution into the Pel 
above the mark and, with the mark at ey nil the 
allow the solution to run out very Hany Then 
lowest level of the meniscus is on the mar into 2 
allow. the liquid to run from the pipette 
conical flask (Figure 71) which poy an 
washed out with cold distilled water faod ol 
touch the tip of the pipette on to the su! drop 
the liquid. (Do not blow out the per of 
The flask will then contain exactly 25 M ig 
0.1M sodium carbonate solution (with 
distilled water which is of no account). 

Add two drops of methy/ orange il turn 
(indicator) to the conical flask. This W! te the 
the alkaline solution ye/low. Read and nee the 
level of acid in the burette. Run acid in King’ 
conical flask 2 or 3 cm? at a time, with shade 
allowing a short drainage time between d the 
tions, until the liquid flashes pink. Then 2*^ i) 
acid more slowly, eventually drop by drop- utra 
the colour of the liquid is orange (i.e. the n? oint 
colour for methyl orange). This is the RU en 
of the titration. Slight excess of acid Wi op?! 
it fully pink. Read and note the acid level. R ich 
the titration to obtain at least two results W 
differ by not more than 0.1 cm?. 


olution 
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Saanen readings 
» Volume 0.1M sodium carbonate solution used each time = 25.0 cm’. 


== à 
Epson Tiwation 1 2 3 
2nd burette reading 24.0 23.9 24.0 cm? 
1st burette reading 0.2 0.3 0.4 cm? 
Volume of acid added 238 236 23.6 cm? 


rded as a ‘trial run’ it is usual' in such 


Since the first titration may be rega: 
d to average the subsequent titration 


ux H 
Xperiments to neglect the reading an 


Tesults, 
Therefore: 
Volume of acid added at the end-point — 23.6 cm? 
Calculation 


ate first step in calculating the molarity of any solution from the results of an 
Cid-base titration is to write the equation for the reaction taking place. 
$0,(aq) > Na,SO,(aq) + CO2(g) + H20() 
at since the sodium carbonate and sulphuric 
hen the number of moles of sodium carbon- 
o the number of moles of sulphuric acid 


Na;CO;(aq) + Hz 


gd be seen from the equation th 
Aie react in equimolar proportions t 
ad in 25.0 cm? of solution is equal t 
ded at the end-point. 
Hence, since the sodium carbonate solution is 0.1M: 
0.1 mole sodium carbonate 


1 dm? sodium carbonate solution contains 
0.1. x 25 : 
mole sodium carbonate 


“^. 25 cm? sodium carbonate solution contains 1000 
— 0.0025 mole 
required for completion of reaction, 


Now, 23.6 cm? sulphuric acid solution is 
therefore: 
n 0.0025 mole sulphuric acid 


23.6 cm? sulphuric acid solution contai 
0.0025 x 1000 nod 
EE SOT mole sulphuric acid 


*. 1 dm? sulphuric acid solution contains 
— 0.106 mole 

the sulphuric acid solution is 0.106M. 

olar concentration to the sodium carbon- 

t be diluted to 25.0 cm?, ie., 1.4 cm? of 

d. If 920 cm? of the acid are 


Hence, the concentration of 
" To make the acid exactly equal in m 
um Solution, 23.6 cm? of the acid mus 

istilled water must be added to 23.6 cm? of the aci 


left, it can be made exactly 0.1M by the addition 
Water, or 55 cm?. After the addition of this volume of di 
Should be shakes and should then be exactly 0.1 M. This ca 
Of the 0.1M sodium carbonate solution, when 25.0 cm? 
required to neutralize 25.0 dm? of the carbonate solution. 

d to standardize 


These two standard alkaline and acidic solutions can be use 
Other solutions, eg-, sodium hydroxide, potassium hydroxide, hydrochloric 
acid, and, by their use, à wide range of acid-alkali estimations cán be carried out. 
o > 


DE eg ss 
of 920 X 53; € of distillec 
istilled water, the acid 
a be tested by titration 
of the acid should be 
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Choice of indicators in acid-base titrations 


When the technique of acid-baSe_titrations is extended to a wide vanities 
acidic and alkaline solutions, care néeds to be taken over the choice n ma i 
for any given reaction. The choice of an inappropriate indicator wouid a 3 
an incorrect result and it is therefore extremely important that the indice on 
chosen carefully. The basis on which a choice of indicator is made imi a 
Strength of the acid or base involved in the reaction, (Note: the strength © tB 
acid or base is not to be confused with the concentration of its S der 
exact meaning of the term ‘strength’ will be explained later.) Examples 
‘strong’ and ‘weak’ acids and bases are given in the table below. 


— 
ACID BASE | m 
^ Strong Weak Strong Weak 
Hydrochloric Ethanoic (acetic) Sodium hydroxide Ammonia 
HCI CHCOOH NaOH NH, 
Nitric Methanoic (formic) Potassium hydroxide 5 
NHO, HCOOH KOH 
Sulphuric Carbonic Sodium carbonate 
H2504 HCO, Na CO; 


There are three common indicators which are used in titration experimeae 
involving acids and bases; these are methyl orange, litmus, and phenoiphthàl d 
Other indicators in-less common use are malachite green, thymol blue, s 
cresol green, and bromothymol blue. The table below shows the colours W 


each of these indicators takes up in acid or alkaline solution. 


Indicator 


Colour of indicator 


acid alkaline 

solution solution 
Methyl orange pink yellow 
Litmus ted blue 
Phenolphthalein colourless pink 
‘Malachite green yellow blue/green 
Thymol blue red yellow. 
Bromocresol green yellow blue 
Bromothymol blue yellow blue 


Indicators which are sui 
also given in the table below. 


itable for particular types of acid-base reactions are 


BU a iil cet ce leap VERA 


Acid—base 
titration 


Example 


Choice of 
indicator 


Strong acid/strong base 
Weak acid/strong base 


Strong acid/weak base 
Weak acid/weak base 


H2504 and NaOH 


` CHCOOH and KOH 


(ethanoic) 
HCl and'NH3 
CHCOOH and NH; 


Any indicator 
Phenolphthalein 


Methyl orange 

No satisfactory 
indicator 
available 


Questions 


jore 
esc} 

5.0 eee how you would transfer exactly 

Date to a molar solution of sodium car- 
pow Would conical flask, using a pipette. 
urette with you then set up and fill a wet 
Phuric acid a given sample of dilute sul- 
the sodiun and titrate the acid against 
throughout. carbonate soluiion? Mention 
Observe t the precautions you wouid 
name aM secure accuracy and state the 
You would colour change of the indicator 


It is requi 
tio, s quired to determine the concentra- 
A tation a Sodium hydroxide solution by 
wy titable Padi 0.115M hydrochloric acid. 
prose be indicator is provided, but it is one 
scribe conn change you do not know. 
Pate the carefully how you would investi- 
olour change of the indicator, per- 


e xv 
titration aad use the results to 
tion of tbe alkali 


‘termine 
lation, the concent 
Uppo: 

alkali M that you found that 25.00 em? of 

Patochtonig eralized by 30,50 cm? of the 
on eal acid. Calculate the concentra- 

È: Deserit alkali solution. (J.M.B.) 

th to bs the experiments you would per- 

QUU a NOBIT as conclusively as p9ssible, 

-10M nite sete was correctly labelled 

4 Xp] ai cid. d 

ds t$ ain the reason for each of your experi- 
tain fr the results you would expect to 
om them. (N.I.) 


,, OU 
rorida s provided with 2M sodium 
volp er solution and 1M sulphuric acid 
wed trie oe all equipment necessary for 
dint! pre analysis. Describe fully how you 
fis, P'epare crystalline samples, Of N? 
e sodium salts of sulphuric acid. 
Sub Drove ey two ways by whicl you 
s, ances (c Tos have made two different 
ate /OVided wi 
he (odina with sodium hydrogencarbon- 
con You m bicarbonate), describe carefully 
a Pletal Could convert a suitable quantity 
Sole up i into sodium carbonate and then, 
tion, litre of 0.100M sodium carbonate 
Ou . 
oP ae given a burette that delivers 2 
Mage Volume 0,05 cm?. Calculate the Pre 
yerette peer that may arise due to the 
S have naling when you use the solution 
Very Phu Drepared to standardize a solution 
Poni nearh Sid The acid is known to 
tojo ons of 0.100M and you use 20.0 cm? 
selOur chan it; Name the indicator state the 
Ution ques and assume that each drop of 
elivered by the burette near the 


s Poi; 
nte, (c joues a detectable colour 
ee 
de was dissolved 


m 
Water ae hydrogen chlori 
d the solution made up to 1 dm; 
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30.0 cm? of this solution was found to 
neutralize cxactly 25.0 cm? of a solution of 
sodium carbonate. The equation for this 
reaction is 
NaCO, + 2HC] — 
2NaCl + H20 + CO2. 

Calculate the concentration of the alkali in 
moles per dm? and the mass concentration 
in g NazCOs per dm?. (O.) 

7. Give two chemical properties in each 
case (apart from their action on indicators) 
which are typical of (i) à dilute acid, (ii) a 
dilute aqueous alkali. Ilustrate your answei 


by specific examples. . 
Describe carefully how you would deter- 


mine the moiarity of dilute aqueous sodium 
E ydroxide. using hydrochloric acid of known 
molarity. (Only the experimental procedure 
should be de scribed in this part of the 
question. 

If the alkali contained 1.50 g of sodium 
hydroxide in 250. cm? of solution and the 
acid was 0.1 molar, what volume of acid 
would be needed to react with 20 cm? of 
alkali? (L.) 

8. What mass of sodium hydroxide would 
be needed to neutralize exactly 200 cm? of a 
solution containing 49 grammes of sulphuric 
acid per dm?? (S.) 
9. The following statement summarizes the 
results of a quantitative exercise involving 
an alkali and a standard acid solution: 
0.12M aqueous nitric acid was titrated 
against 25.0 cm? of aqueous sodium hydrox- 
ide contained in a conical flask. 22.5 cm? of 
the acid was required to react completely 
with the base. 
(a) @ What is meant by a standard acid 
solution? 
(i) Write à balanced equation for the 
reaction between the nitric acid 
and the sodium hydroxide, 
Explain briefly why the volumes 
of the acid and the alkali are 
stated to one decimal place, 
(ii) Namea piece of apparatus which 
is suitable for measuring the 
nitric acid. 
(iii) In addition to making careful 
observations, how did the experi- 
menter satisfy himself that the 
lume of acid was 22.5 


correct vol 
cm?? 
(iv) Name one indicator, other than 
litmus or universal indicator in 
liquid or paper form, which 
would be suitable in the titration, 
and state the colour change. 
Calculate the number of moles of 
nitric acid, HNOs, involved in the 


complete reaction. 


6) Ò 


(ORO) 
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(ii) Calculate the molarity of the (b) neutralizes 25 cm? of C.125M sodium 
sodium hydroxide solution. (N.L) hydroxide solution, (c neutraiizes the tM 
solution formed by adding 25 cm pur M 
10. What volume of 0.100M nitric acid sodium hydroxide soluticn to 20 cm* o 
(a) contains 31. 5 g of pure nitric > acid, hydrochloric acid? (J.M.B.). 


a 
15 Calculations involving 
Soiutions 
cll ue Ob kool ee OL 
investigated in school laboratories concerns 


A high proportion of the chemistry inves! 
reactions which take place in i and calculations involving the 
‘on are often required. The purpose of this chapter is 


the solving of them. Use will 


to present a few exampl: 
in Chapters 7 and 12 dealing 


d to indicate the approach to 


chemistry courses, an! 
sometimes be made of the ideas already di 
with calculations involving masses and gas volumes respectively, so the student 
must be prepared to turn back to those chapters where necessary. 

As with the calculations concerning gas volumes, it is as well to bear a few 
ideas in mind in dealing with aqueous solutions of substances, and these are 
summarized below. 3 


Summary of data on aqueous solutions 
(1) The concentration of a substance in solution is a measure of the amount of 
substance dissolved in @ own volume of solution, and is usually expressed in 
units of g cm ( es of substance per cubic centimetre of solution), or mol 
dm~? (moles of substance per cubic decimetre of solution). ) 

Q) A standard solution is one for which the concentration is known. 

(3) A molar solution is one which contains one mole of substance in one dm? 
of solution. 

Bearing 
calculations 


these few simple ideas in mind we may now consider a variety of 


which utilize them. 
Conversion of a given mass of substance to a volume of solution 
of known molarity 


EXAMPLE 1. What volume of 0.25M - „ution of sodium hydroxide will contain 


5g of solute? 
We first of all need to calculate the molar mass of sodium hydroxide NaOH. 
Using the table of relative atomic masses on page 499, 
molar mass NaOH = 23 +16+1=40g 
Hence 5 g of NaOH represent 5 =* 0.125 mole. 
Now the solution is 0.25M. 
<. 0.25 moles sodium hydroxide are contained in 1 dm? solution 
Hence, 
0.135 moles sodium hydroxide will be contained in 1000 ou 2 


— 500 cm? soluti 
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i : ts 
Conversion of volumes of solution of known molarity te.amoun 
of substances 1 
is ined i 3 .22 
EXAMPLE 2. What mass of glucose, CsH,206, is contained in 40 cm of 9. 
solution? 


We know that 1 dm? of glucose solution contains 0.2 mole glucose. 


x 40 
~<. 40 cm? solution contain 1000. mole glucose 


EN = 0.008 mote glucose 
„Now the relative molecular mass of glucose; C4H 30s, is 
(6 x 12) + (12 x 1) + (6 x 16) =72 + 12 + 36 = 180. 
Hence, 


0.008 mole glucose corresponds to 0.008 x180 g glucose. 
= 1.44 g glucose 
Hence 40 cm? 0.2M solution contains 1:44 g glucose 


Conversion of volumes of solution to gas volumes 


2 3 oj 
EXAMPLE 3. What volume of dry HCI gas at s.t.p will dissolve in 250 cm f 


oan 
water to produce a 0.05M solution of hydrochloric acid? (Molar volume of 8 
s.p. = 22.4 dm?.) 


The final solution will have a concentration of 0.05M, Therefore, 
1000 cm? solution will contain 0.05 mole HCl 


and 250 cm? solution wil contain n mole HCl 


: = 0.0125 mole HCl 3 
We know that one mole of any gas at s.t.p. occupies a volume of 22.4 dm 
Therefore, 0.0125 mole of hy. 


drogen chloride gas at s.t.p. will occupy 
22.4 x 0.0125 dm? 

7-224 x 0.0125 x: 1000 cm? 

= 280 cm? at s.t.p, 


Volume of hydrogen chloride gas required at s.t.p. is 280 cm* 


EXAMP?.B 4. Calculcte the maximum 
could be obtained by boiling 5 dm? 
volume of gas at s.t.p. = 22,4 dm?.) 
We first of all need to calculate h 


«ed iB 
3 ow many moles of ammonia are contained 
solution. Since the solution is 0.04M, 


ich 
volume of ammonia gas at s.t.y- e 
of a 0.04M solution of ammonia. C 


1 dro? solution contains 0.04 mole NH; 
-. 5 dm? solution will contain 0.04 x 5 — 0.2 mole NH3 


= 02 
If all the aramonia can be obtained from the solution by boiling, the? 
mole ill be evolved. 


Since 1 mole of NH; at s.t.p. occupies a volume of 22.4 dm', ; 
2 moles NH; at 9.[-P- will occupy a volume of 22.4 x 0.2 = 4.48 dm 
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Hence the maximum volume of. ammonia obtained 
from the solution will be 4480 cm? at s.t.p. 


Th practice, the volume obtained ma is ¢ 
pr : lun y be rather less than this due t: 
solubiiity of ammonia in water, even at quite high temperatures. Lid 


Conversion of gas volumes to solution volumes 


EXAMPLE 5. Calculate the volume of 2M hydrochloric acid which ke 
obtained by dissolving 560 cm? hydrogen chloride gas (rneasured at s.t.p.) peores 


(Molar gas volume = 22.4 dm? at s.t.p.) 
22.4 dm? hydrogen chloride, gas correspond to one mole of 


hydrogen chloride at s.t.p. 
-. 560 cm? hydrogen chloride gas correspond to ALS mole HCI 
22400. © 
== 0.025 mole HCl 


ce a 2M solution of HCI, and since we only have 


Now we require to produ 
volume of water needed will be Jess than 1 dm?. 


0.025 mole it is clear that th~ 


Hence, 
1 x 0.025 
volume of water = ——5 


= 0.0125 dm? 


Thus 560 cm? hydrogen chloride: will produce: 
12.5 cm? 2M solution of hydrochloric acid 


dm? 


Calculation of volumes of soiution from the equation for the 


reaction 

EXAMPLE 6. Calculate the volume. of 
obtained by heating 2.675 g ammonium 
and absorbing all the ammonia evoived. 
Il we require to write the equation for this reaction, 

NH; Cl(s) + NaCH(aq) — NaCi(aq) + NHs(g) + H200) 

one moie of ammonium chloride will give 


0.1. ammonia solution which could be 
chloride with excess sodium hydroxiae, 


First of al 


From the equation it can be seen that 
rise to one mole of ammonia gas. 
Hence we may write; 


] mole ammonium chloride, 
75 
- mele 


NH,CI, produces 22.4 dm? NH; at s.t.p. 
h 2. 
c=14+4+ sog 53.5, we have 53.5 


Since molar mass NH. 


mole NH,Cl. 
5 mole NH; will be evolved. 


dissolve the 0.05 mole NH; in 


NH, Cl present = 6.05 
J, 0.0. 


In order to produce 0.1M solution we must 
1000 x 0.05% a4 

I EOS cm? solution. 

+ Volume of 0.1M. ammonia solution = 500 cin? 
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3 
EXAMPLE 7. 27.5 cm? of a solution of sodium hydroxide neutralize 25.0 d 
of M hydrochloric acid: Calculate (a) the molarity, (b) the concentration of 
sodium hydroxide solution in g 373. if 
The object of the calculation is to fix the molarity and concentration yee 
sodium hydroxide solution. We know the moiarity of the hydrochloric à B 
consequently we require to know neither the molar mass of the acid nor 
concentration in g dm^?, 
NeOH(aq) + HCl(aq): => NaCl(aq) P H2O(: 
ldm?ofM | 1 dm? of M 
“408 3i 
The equation shows that M sodium hydroxide solution and M hydrachlo 
acid are equivalent to one another volume for volume. Because it req d 
smaller volume in the titration, the acid used is the more concentrated (in " 
NEAN 
terms) ofthe two reagents. That is, the sodium hydroxide solution is 1s" d 
or0.900M. ^ - y 


A F in 
Since the molar mass of sodium hydroxide is 40, the solution must conta! 
0.909 x 40 g dm-? or 36.4 g dm-?. 


EXAMPLE 8, 50 cm? of M sulphuric acid are added to an excess of solid sod 
hydrogencarbonate. Calculate (a) the mass of sodium sulphate produced, o 4: 
volume of carbon dioxide evolved at 15 "C and 770 mm pressure. (Na SO. = 
molar volume of gas = 22.4 dm? at s.t.p.) 


This calculation requires the equation for the reaction and the insertion into 
of the quantities of the reagents involved in the units in which they are express 
in the data given. The sodium hydrogencarbonate is stated as in excess and 50 
be igaored quantitatively. The acid is stated in terms of molarity and 15 


p H . i Sd the 
expressed in the equatior. Sodium sulphate is required in grammes and ii 
carbon dioxide in terms of volume. The required reaction statement 

becomes: 


2NaHCOs(ag) + H,SO;(aq) —> NazSO,(aq) + 2H;0(1) + 2CO;(8 
1 dm? of M 142 g 2 x 224 dm? 


1 4 at s.t.p. 
From the equation, 


1000 cm? of M H,SO, produces 142 g of sodium sulphate 


so 50 cm* of M H,SO. produces 142 y 1o g of sodium sulphate 


-. Mass of sodium sulphate — 7.1 g 
From the equation, 


1000 cm? of M H;SO, produces 44.8 dm? of CO, at s.t.p. 
5 50 cm? of M H2SO, produces 44.8 x is dm? of CO,, or 


2.24 dm? at 8.t.p. 


Converted to 15 °C and 770 mm pressure, this volume becomes: 


4x Ug BS EU E 
2:2 X 70 * 973 m^, or 2.33 dm 


- Volume of carbon dioxide at 15 °C and 710 mm pressure = 2.33 dm? 
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EXAMPLE 9. 15.0 g of anhydrous sodium carbona! 

1 ) 0 te, containii 7 

ned as: impurity, were made up to 250 cm>* of ae eee am Uri 

so. utioniwere titrated by M HCI. 24.5 cm? of M HC! were required. in 2 ue 

the 25.0\cm* of solution. Calculate the percentage of sodium chloride EU OE 
Td. 


For tliis calculation, the equation is required, with the i i 
culation, ie inserti i 
of hydrachleric acid in terms of molarity and of sodium viens ate 


Sodium chloride does not react. 


Na,COs(a9) 4° 2HCKag) —-2NaCl(ag) + H200) + CO;(g" 


106 8 2dm? of M 


Mass of sodium carbonate in 25.0 cm? of solation 


=-106 


Mass of sodium carbonate im 


= 106x 203 
" 2000 


Therefore, 


mass of. sodium; chloride in t 


24.5 


X 3900 5 


250 em? of solution: 


2 
125.0 
he mixture is: 


g= 1kOg 


(15:0 — 13:0 g, OF 20g 


That is, perce 


Questions 

1. 12.5 cm? off 15M sulphuric acid neutralize 
50.0 cm? of a giver sclution of sodium 
hydroxide. What is the molar concentration 
of the sodium. hydroxide solution ? 

2. 25.0 cm? of a solution of sulphuric acid 
required 32. odium hydroxide 
for’ neutralization. Calculate the 
{ the aci 
of 0.05M. sulphuric acid neutral- 
3 of a potassium hydroxide 
the concentration of the 
(a) molar concentration, 


3. 25.0 cm* 
ized 35.0 cm 
solution. What is 
alkali in terms of 
(b) g dm-?? 


4. 25.0 cm? 
mixed with 30.0 cm? of M sodium 
solution. What volume of 0.1 
acid will just neutralize the 


5. What volume of à molar solution o 
phuric acid would exactly neutral 5 
cm? of a sodium hydroxide solution contain- 
ing 60 g of the alkali in 1000 cm? ? 

6. What volume of 0.1M hydrochloric acid 
would react exactly with 25.0 cm of a 
sodium carbonate solution containing 520g 
ot anhydrous salt in din? of solution? 

7. 25.0 cm? of a solution containing 10.6 Z 


of sodium carbonate In ^ cm? required 
23.0 cm? of hydrochloric acid for neutraliza- 


f sul- 


ntage of sodium chloride — 


20 100 
150 * 


= 133% 


tion. Calculate the molar concentration of 
the acid and its concentration. in. g dm*?. 

8. 25.0 cm? of a solution of sodium hydrox- 
ide containing 10.0 g in 1 dm? required:24.0 
cm? of dilute sulphuric acid: for neutraliza- 
tion. Calculate the molar concentration of 
the acid and its. concentration. in g dm-^?. 


9. 1.00 g of pure ammonium. chloride was 
boiled with 20.0.cm* of a solution of sodium 
hydroxide. until the evolution of ammonia 
had ceased. If the resulting solution required 
11.0 cp? of 04M hydrochloric acid for 
neutralization, calculate (a) the volume of 
ammonia gas. evolved at s.t.p., (b) the molar 
concentration, of the sodium hydroxide 
solution. 

10. 6.16 g of iron: completely react with 100 
cm? of 2.2M hydrochloric acid. Write the 
equation for the reaction and'calculate the 
relative atomic mass of iron. (C.) 

11. It was found by titration that 20 cm? of 
a 0.5 imolar ion of hydrochloric acid 
reacted exactly w. h 25 cm? of a solution of 
sodium carbonate, the equation for the 
reaction being 

NaCO, + 2HCl = 2NaCl + H;O + CO; 
Calculate the concentration of the carbonate 
expressing your result (i) as a molarity, (ii) in 
g Na2COs per dm?. (O.) 
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o you understand bv a molar 
diatur Dee carefully how you would 
find the molarity of a solution of sodium 
hydroxide, given a solution of sulphuric acid 

oncentration. 

NS of 0.12M sodium hydroxide were 
neutralized by 30.0 cm? of a solution of a 
dibasic acid (H2X)} containing 6.30 g per 
dm?. Calculate: (i) the molarity of the acid 
solution; (ii) the relative molecular mass of 
the acid, (A.E.D.) 


13. 20 cm? of a hydrochloric acid solution 
exacily neutralized 25 cm? of a molzr soiu- 
tion of sodium hydroxide, Calculate (a) the 
molarity of the acid, and its concentration in 
g dm-?, (b) the volume of hydrogen, mea- 
sured at s.t.p., evolved when 50 cm? of the 


same acid react with an excess of magnesium, 
(.M.B.) 


14. Calculate how many em? of 0.5M sul- 
phuric acid will be used in the titration of 
25.0 cra? of a solution which contains 70 g 
or sodium hydrogencarbonate in 1 dm? of 
solution. State the molar concentration of 
the sodium hydrogencarbonate solution. 


15. What is the molarity of a solution pre- 
pared by dissolving 3.15 g Of nitric acid in 
water and diluting the solution to 250 cm?? 

If 10 cm? of 
n N solution were 
mixed, (i) what volume of carbon dioxide, 
measured at s.t.p., would be formed, (ii) what 
mass of sodium carbonate would remair, in 
the final solution? 


16. 100 g of an acid were analysed. and 
found to have the following composition: 
3.7 g of hydrogen, 

37.8 g of phosphorus, 

58.5 g of oxygen. 
The mass of 1 mole of the acid is 82 g. Use 
this information to find the formula of the 
acid. , 

An aqueous solution of potassium hydrox- 
ide was prepared in order to investigate its 
reaction with this acid. The solution con. 
tained 112 g of potassium hydroxide KOH, 
in 1000 cm? of solution. Calculate the 
molarity of the potassium hydroxide. z 

It was found that 100.cm° of the potassium 
hydroxide solution were needed to neutralize 
completely 100 cm? of a molar solution of 
the acid. Show how this information can be 
used to write an equation for the reaction 


between potassium "hydroxide" and the 
acid. (L.) 


17. Give two reasons Why an aqueous sot 
tion. of. sodium hydroxide of uccuratey 
kaown concentration cannot be mid 
directly by weighing a given amount of Sa 
sodium hydroxide, dissolving in water, al 
making up to, say, 1000 cm?, OB 

25.0 cm? portions of an aqueous Solution e 
sodium hydroxide were titrated with a iom 
tion cf nitric acid containing 6.30 g of ag 
acid in 1000 cri? of solution. Tbe follow! 
table gives the burette readings. 


—— 
— A ee 


Titration Initial reading Final reata 
number of burette, of buran 
in cm^ in cm 
1 3.2 30.6 
2 18 28.8 
3 4.8 317 
4 2.0 29.1 


(a) Name an indicator that could be ES 
in these titraticns and state its colour cha e 

(5) Use ihe results in the table to A n 
mine, (i) the concentration uf the sO! 1000 
hydroxide solution in grammes per that 
cm? of solution, (ii) the volume of water A 
would have to be added to 500.crn? o! 
solution to give aa exactly 0.1M solution. 

The equation for thé reaction may 
written as 

NaOH + HNO; —> NaNO; + H:0 
oras OH- + H+ — H;O 


18. (a) ALS; + 6H;0 JAKOM» et 38:5 
Calculate the maximum volume of bydrogt s 
Sulphide, measured at ,t.p., 5 wate? to 
evolved when an excess of water is added t 
5.0 g of aluminium sulphide, : 

() AKOH), :-3HCl — 


AICI, 43H50 


What volume of 3M hydrochloric acid cun 
a Tee 3.12 g of aluminium bydrox' 
.M.B.) 


19. A typical sample of concentrated hydro; 
chloric acid has a density of 1.16 g cm dan 
contains 32.0% of hydrogen chloride. ed to 
Volume of this liquid would be need 
make 2 dm? of M hydrochloric acid? 
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m the study of atomic structure, and from the manner in 
that electrons play a most important part in the 
c We should therefore expect that electricity, 
in the form of an electric current, will have some effect on chemical substances 
through»which it-is able to pass. Just as heat, Which is a form of energy, has a 
variety of effects on a wide range of substances, SO it is reasonable to expect that 
electricity, which is,also a form of energy, will be as fundamental and as import- 
ant in its effects on substances as heat has been seen to be. The aim of this chapter 


is to investigate the effects which electricity has on a range of substances, and to 
develop a satisfactory explanation of those effects in terms of our present 


knowledge of atomic structure. 


Experiment 33 ( 
To investigate the conduction of electricity by a variety of 
lid and liquid states 


We already know fro! 
which atoms bond together, 
chemical properties of substances. 


bulb to a pair of crocodile clips. Use this 


Arrange the circuit s 
asupply of 6 volts d.c. is con 


lamp 
arrangement t 
substances sugges! 


hownin Figure 72, in which 


nected via a 6 volt o test the conductivity of the 


ted in the list below. For the 
solid substances it is sufficient simply to attach 
the crocodile clips to the ends of the specimen; 
for the liquids it will be necessary to attach the 
crocodile clips to graphite rods (known as 
electrodes) which may then be inserted in the 
liquid as illustrated in Figure 72. In both cases 
the lighting of the bulb indicates that the circuit 
is complete, which means that the solid or 
liquid is a conductor of electricity. 
Try the following substances: 


Solids 


Small 
magnesium, 


pieces of lead, copper, rubber, plastic, 
paper, salt, sugar. 


Liquids 
/ cohol (ethanol), water, turpentine. 


Figure 72 


assify the substances you have tested 


From the results. of your experiments cl 
as follows. 3 rti 
ce is a solid, and conducts electricity it may be classified as a 


1. If the substan nduct 
conductor. All metals will be included in this class. 
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2. If it is a solid, and does not conduct electricity then it is known as a non- 
conductor or insulator. Many non-metals are: included in this class. i 

3. If the substance in the beaker is a liquid, but it does nor conduct an electric 
current, and particularly, does not cause any chemical reaction to take place at 
the electrodes, it is known as a non-electrolyte. 

4. If the liquid in the beaker conducts an electric current, so causing the lamp 
to light, and if the liquid undergoes considerable chemical decomposition 
around the electrodes, the substance is known as a strong electrolyte. 

>. If the liquid in the beaker conducts an electric current only slightly, and 


the corresponding chemical decomposition at the electrodes is slight, the sub- 
Stance is known as a weak electrolyte, 


Experiment 34 
To investigate the conduction of electricity by molten substances 


Set up the circuit shown in Figure 73, in which 
graphite electrodes are to be inserted into s 
crucible placed on top of a tripod and supporte 
by a pipe-clay triangle. Place the solid sub- 
stances into the crucible, filling it approximately 
two-thirds full. Gently heat the crucible unt! 
the substance just melts, and then arrange the 
height of the Bunsen flame so that the substanc? 
is kept in the molten state for the duration are 
experiment. Note whether or not the substanc! : 
conducts electricity, and pay particular attention 
to any changes which appear around the: 9186 
trodes. In the case of the latter observation no! 
also the terminal (positive or negative) to. whic 
each electrode is connected at the source of 
supply. 


Try the following substances: 4 
^h Wax, sugar, lead(II) bromide, potassium iodid? 
heat lead(Il) iodide 


In the case of wax and: sugar gentle hes 
must be carried out to. prevent burning of jl 
Substance. In the case of tha saltsin the list it Wi 


è be necessary to heat tha crucible rather 
Figure 73 strongly. 


From this experiment we can see that some of the substances tested will not 
conduct electricity either in the solid state or in the molten (liquid) state. Thes? 
substances are true non-conductors, Other substances, such as lead(II) iodide 
do not conduct electricity in the solid state but conduct extremely well when in 
the molten form; because these substances also undergo considerable decomp% 
sition at the electrodes during the passage of the electric current tiey are there 
fore classified as strong electrolytes. i à 

One class of substances as yet uninvestigated is that of aqueous so'utions, Le 
solutions of salts dissolved in distilled water. The next experiment enables 
investigation to be carried out. 


Electrolysis 149 


n e A S 


Experiment 35 


To investigate the conduction of electricity by aqueous solutions 


Set up the same circuit as for Experiment 33 
(Figure 72) and place in the beaker a sample 
of distilled water. Note whether the lamp lights 
eee Replace the beaker of distilled water bya 
eee half full of one of the solutions listed 
d low. Again, note whether electricity is con- 

ucted by the solution, and particularly whether 
any changes. appear sround the electrodes. 


Before testing another solution wash “the 
electrodes with distilled water and wipe them 
dry witn absorbent paper. Record any changes 
you observe. 

Try the following solutions: 
Potassium bromide; potassium iodide; sugar; 
copper(I!) chloride; urea; sodium chloride X 


"lli onan O f Sie eee a — 


As a result of Experim 


electricity it appears that, wi 
theraselves non-conductors are 
very effective conductor. We shall 


interesting observation. 


Definitions 


ent 35 we can classify aqueous solutions of substances 
as non-conductors (for example; sugar) or as strong electrolytes (for example, ' 
sodium chloride). Although the.water i 


yhen some su 
dissolved in it, the whole solution beconies a 


see how the Ionic Theory accounts for this 


itself is an extremely poor conductor of 
bstances which in the solid state are 


tion or a molten compound which will 


An electrolyte is a compound in soluti 
conduct electric current with decomposition at the electrodes as it does so. 
solution cr a molten compound which cannot be de- 


A non-electrolyte is a 
composed by an electric 
The electro! 
or leaves an electrolyte. 
The anode is the positive 
The cathode is the negative 


lyte. 


‘The:lonic Theory 


To account for 
by Arrhenius about 
! Substances called electrolytes 
particles.called ions. Ions are deriv 
ing electrica. 


1880. 


from them ‘by possessing 
i derived from metals (or meta 


atom or group. 
Some examples of 
COMPOUND 


Sulphuric acid 
Sodium chloride 
Sodium hydroxide 
Copper(1) sulphate 
Lead(II) nitrate | 
Hydrochloric acid 


f ionization are: 


des are two poles of carbon or 


electrode by 
electrode by whic! 


the phenomena of electrolysis the 


are believ 


ed from at 
] charges. These charges are positive for 


metal by which the current enters 


which the.electrons leave the electrolyte. 
ich the.electrons enter the electro- 


Tonic Theory was put forward 


ed to contain ¢lestrically charged 
oms (or groups of atoms) but differ 


llic groups like NH4), and 


als or acidic radicals. The number of 


equal to the valency of the corresponding 
10NS 
2H* SO;4- 
Na* Gl 
Na* OH- 
Cu2* $0,2- 
pb?* 2NO;— 
Ht (O 
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It is very important to notice that an ion is very different from the conesnonds 
ing atom, as was explained in Chapter 9. A metallic ion is formed from 
atom by /oss of a number of electrons equal to the valency of the metal. Similar! y 
a non-metallic ion is formed frora the corresponding atom by gain of 2 number 
of electrons equal to tbe valency of the atom, e.g., 


METAL NON-METAL 
K — e7 — K+ (univalent) Cl, -Fe7 — Cl- 
Ca — 2e- —> Ca?* (divalent) SE 2e- —— S?7 


These electronic changes give to the ions properties quite different from those'of 
the corresponding (electrically neutral) atoms, . 
For example, by dissolving ordinary, electrically neutral, molecular chlorine 
in water, a solution is produced! which is yellow in colour and is a vigorous 
bleaching agent, but-a solution containing chlórine ions has neither of these 
properties, Similarly, ordinary. metallic Sodium, made up of neutral sodium 


atoms, attacks water liberating hydrogen, but sodium ions, Na*, have no such 
action upon water. During the change, 


Na(s) + JCL(g) > Nat Cl-(s) 


the loss of an electron by Na and the gain of an electron by Ci causes the ionic 
Particles, Na* and CI^; to assume a very stable, inert condition; hence their 
inactivity. ; 
In strong electrolytes, the ionization is complete. Thus, there exist in a solution 
of common salt no molecules, NaCl, but only ions, Na* and Cl-. All strong 
electrolytes, i.e., salts, the mineral acids, and the caustic alkalis, are in this state 
of complete ionization in dilute solution, 
In weak electrolytes, ionization is only slight und most of the electrolyte 
form of unionized molecules; for exampie, in ordinary 


exists in solution in th 
bench (2M) acetic aci » out of every 1000 molecules present, four are ionized 


and 996 are unionized, 


CH;COOH(aQ) = CH,COO-(aq) + H*(ag) 


A solution of ammonia in water is also a weak electrolyte, containing a rela- 
tively small proportion of ammoni ) 


between them in strength. For your present purpose, the strong electrolytes are 
the only group of considerable importance, 
Non-electrolytes exist only in the form of 


ionization, for example, 


Trichloromethane CHCl, 


Cane sugar C1;H;;0,, 
Alcohol (ethanol) C;H,OH 


Urea CON;H, 


molecules and are incapable of 


Water as an electrolyte 


i is Very weak. 
ter is an electrolyte but is Vi 
js H,0() = H*(ag) + OH-(aq) | 
Exact measurement shows that in pure water, for every molecule of watef — 
xa 
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ionized, furnishing one hydrogen ion and one hydroxyl ion. f 
1nolccules of-water not ionized: The electric a at ene 
nm these quant of ions, is very small; but, even so, it must be HG 
orne in mind ‘that water is an electrolyte an ‘but 1 S 
electrical conductivity. ir and Dis € sul, Oi msgentebis, 
Further,;if: by' electrical or chemical action hydrogen or hydroxyl ions; are 
removed, more water molecules can ionize. So, while at any moment H* and 
OH- concentrations in water are very small, the water is potentially capable of 
yielding more of either ion as circumstances may demand.* 


Mechanisms of electrolysis. Electrolysis of conc. hydrochloric acid 


-The apparatus of Figure.74 is suitable. The products are collected over calcium 
chloride solution because botli are insoluble in it. 


hydrogen chlorine 


saturated solution of 
calcium chloride 


Figure 74 


* The exact position is as follows: 

In pure water, 

E +] = [OH] = 10-7 mol dm-? (at 25 °C) 
+ [H*IIOH-] = 10-!* mol? dm~‘ = Kw (a constant). 

i d duct of water. and is always maintained in aqueous liquids. 

iie npe glued fer will ionize further to restore the value of Kw. When 
[H*] = [oH] = 10-7 mol dm-3, the liquid is in the same condition as pure water, i.e., 
neutral; if [H] is greater than 10-7, itis acidic; ittH*] is less than 1077, it is alkaline. But the 
product [H*] 4 [OH-] is always 10^ mol dm-*. 
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When the current is switched on, gas will be found to collect in beth Si 
which were full of saturated calcium chloride solution at the beginning. Equ 
volumes of gas will collect in the two tubes. hus 

When sufficient gas has accumulated, disconnect the U-tube after switching 
off the current. : UT 

At the cathode, the gas will be colourless and can be tested by applying a ligh 
to it when it will burn in air. The gas is hydrogen. E b 

At the anode, the gas will be pale yellowish-green. This gas can be tested by 
damp litmus paper, which will be bleached. It is chlorine. 


Explanation of electrolysis by the lonic Theory 


So far we have seen that hydrochloric acid contains hydrogen ions and chlorine 
ions. The concentration of hydroxyl ion from water is so small that it plays 2° 
significant part in this electrolysis. n the 
When no current is passing, the ions are wandering randomly about in the 
solution (Figure 75). The electrical circuit is closed and, immediately, 


fons of and 
Chom oe 
freely through the solution. 


ous hydrogen. 

SE that it is the electron from the cathode Which neutralizes the hydroge? 
ion and makes the latter become àn atom instead of an ion. ith the 

Similarly, the chlorine ion, negatively charged, comes into contact "D ái 
anode, loses its electron and becomes an atom of ordinary chlorine. KT 
these atoms combine and become molecules of ordinary gaseous ch e 

ich comes off as a greenish gas, Thus thy process can be summed up: at 
d chloride yield ions H* and CI- on solution in water; no curre 

rd d hen current Psses and electrolysis begins, | 
is passing. 
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Ht +e7-—H c- z 
ion atom i TRUE Cl 
uncharged Uy Td 
H+H>H, a 
molecule Me Bn 
= ie 
At cathode At anode 
Hydrogen 1 volume Chlorine 1 volume 


— '——— À— ——— 
Experiment 36 3 " 


To investigate th 
mont o rk ci IL o MEO e Le MK 


nl £240 Addita DEN E 
Cut a piece of filter paper approximately the by spreading), and place a small crystal of 
size of a microscope slide, and place it on top potassium permanganate midway between the 
of a microscope slide using crocodile clips to points of attachment of the clips. Connect the 
attach it in place (Figure 76). Moisten the - slide and contents in a circuit with a 20 V d.c. 
filter paper with water (not foo much, but - supply, and observe the paper over a period el 
enough to cover the whole surface of the paper ten to fifteen minutes. 


20 V dc. supply 
© 


* 4 * af 
e movement of ions during electrolysis 


filter paper small crystal microscope 
slide 


Figure 76 


d yild eS EET 


ards one of the electrodes indicates that the 
und, potassium permanganate K*Mn0,_, is being ‘pulled 
apart’ by the migration of the positive ions towards the negative electrode 
(cathode) and the acgative ions towards the positive electrode (anode). Car you 
decide which of the ions, K+ or MnO,", is the coloured onc in the above 
experiment ? Other coloured crystals may be used in a similar way. 


The movement of the colour tow: 


electrovalent compo 


Selective discharge of ions 
When two or more foas of similar charge are present under similar conditious 
in a solution, €.£^ H* and Na*, or OH- and $0.7", E EREN 
selected for discharge and the selection of the ion discharged depends on t: 


following factors: 
= 
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CATIONS ANIONS 


1. Position of the metal or group in the electrochemical series nt 
Consider the arrangement above Which is the same as that of the electr 
chemical series, If all other factors (see below) are constant, 
discharged from solution in preference to those above it, positive ions at. on 
cathode and negative ions at the anode. For example, in caustic soda soluti ES 
containing positive ions H+ (from water) and Na+, H” discharges in preferenc? 
to Nat; in Copper sulphate solution, containing OH- (from: water) and SOs 
, 8$ negative ions, OH- is discharged in prefererice: to 50,2- * 


2. Concentration p 
Increase of Concentration of an jon tends t ks 
centrated ‘hydrochloric acid, containing OH- (from water) did Cl7 as nega 

ions, the concentration of C|- c 
these circumstances, CI- is disch 
dilute, some discharg, 


Instead, a mixture of the two g 
gradually increasing, 

This is the only case you will meet 
Stated by the electrochemical Series i 
Same case arises in the electrolysis of s 
anions are involved. 


5" arge 
at present in which the order of a 
5 reversed by a concentration ae ante 
odium chloride solution, because the 


Y 


3. Nature of the electrode 


n A f 2 ost 
This factor may sometimes influence the choice of ion for discharge. The m 
important contrast is electrolysis 


: ;ury 
5 j of a solution of sodium chloride with merc" 
cathode, and with platinum cathode, 
urc, platinum cathode; Hf is disch: 
electrochemical series, Na+ bei 
hydrogen gas (page 158). etd 
If a mercury cathode is used, there is the possibility of discharging he dis- 
form sodium amalgam with the Mercury. This requires less energy than t ds 
charge of H* to hydrogen gas and so occurs in preference, and sodium ama 
is the product (see page 364). i ag 
The products of electrolysis of some important and typical solutions wi 
bc considered. 


: [che 
arged in accordance with the order. S i 
ng higher in the series, The cathode produ 
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Electroiysis of dilute sulphuric acid (so called electrolysis of water) 
er 


lhe apparatus used is shown in Fi 

e rat S gure 77 on page 156. Both elec 

platinum foil, It is necessary to run the poen for PE ter ortu 
release any gases produced, in order to saturate the electrolyte with the ies 


so that wh 
hydrogen to oxygen is observed. 
The following ions are present: 


From sulphuric acid 
From water 
CATHODE 


r4 


migrates to the cathode, gains an elec- 
tron and becomes a hydrogen atom. 
H*(ag) + e7 > HE) 
Hydrogen atoms combine in pai 
give molecules. 
H(g) -+ H(g > H,(g) 
Migration of SO.*~ to the anode and 


discharge of H* are equivalent to 
decrease of concentration of sulphuric 


acid. 


rs to 


Summary 
Hydrogen, 2 volumes 
Acidity decreasing. 


The total acidity at an 
The final result, 2 vol 
oxygen at the anode, 
clearly how the 2: 1 volume ratio fo 
"lectrons through the solution. 
At the cathode: 

At the anode: 


Thus two mol 
oxygen molecule 


e prodire 


ode and cathode 


lumes of hydrogen at th 
he electrolysis of water. To see more 


is equivalent to t : 
r tlie gases artses, consider the flow of four 


les of hydrogen molecules 


en the experiment is repeated an accurate 2:1 volume ratio of 


H*(aq) SO,?~(aq) 
H*(ag) OH-(aq) 


ANODE 


SO,?-(aq) and OH-(ag) 
x 


both migrate to the anode, where 
OH-, being lower in the electro- 
chemical series, is discharged in 
preference to 504°", in spite of the 
high concentration of the latter. 


OH-(aq) — e7 — OH(g) 
By interaction between the OH groups, 
water and oxygen are produced. 

OH(g) + OH(g) — H;O() + O(g) 
Ole) + Ole) — Ox(g) 

Discharge of OH- disturbs the ionic 
equilibrium of water. More water » 
jonizes to restore it. 

H4O(l) = H+ (aq) + OH™~(aq) 
Excess H* so produced, with incom- 
ing $0477. is equivalent to increased 
concentration of sulphuric acid. 


Suminary 
Oxygen, 1 volume 
Acidity increasing. PAS 


together remains constant. 
e cathode and | volume of 


4H*(aq) + 4e7 — 2H,(g) 
40H-(aq) —> 2H20() + Ox(g) + 4 


will be released for evi 


156 A New Certificate Chemistry 


oxygen 
1 vol 


dilute sulphuric 
acid 


igure 77 
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Electrolysis of caustic soda (sodium hydroxide) solution 


The. appa 


atus is the same as, for the elec ysi i 
ctrolysis of Suus sulphuric acid (pis 


136), The electrodes are again platinunr foil. 


The ions present are: 


From sodium hydroxide 


From water 


CATHODE 


[ Nae (aq) | 
WIS | 


Ki 


both ions migrate to the cathode. H*, 
being iower in the electrochemical 
series, is discharged in preference to 
Na‘, in spite of the high concentration 
of the latter. 

H*(aq) + e =” H(g) 
The hydrogen atoms then combine in 
pairs to give molecules, 

H(g) -+ Hie) > Ha 


disturbs the ionic 


Discharge of H* 
More water 


equilibrium of water. 
ionizes to restore it. 
H,0() = H* (aq) + OH (83) 
Excess OH™ so produced, with incom- 
ing Na*, is equiva : 
concentration of sodium hydroxide. 


Summary 
Hydrogen, 2 volumes 
Alkalinity increasing. 


‘The total alkalinity at ano 

The process is equival 
pases is established by the same me 
sulphuric acid. 


lent to increase of 


lent to the electro ; 
thod as that used in Ue electrelysis of dilut 


Net(aq) | OH^(aq! 
H*(tag . OH-(aq' 
ANODE 
[ oH (aa) | 


ions migrate to the anode and di 
charge by loss of an electron. 


CH-(aq) — e7 — OH(g) 
By interaction between the OH groups, 
water and oxygen are produced. 
OH(g) + OH(g) > HO + Ot) 
O(g) 4- O(g. cr One) 
Migration of Na” to fet cathode and 


discharge of OH are equivalent to 
fall of concentration of »odi^m hy- 


dioxide. 


Summary 
Oxygen, 1 volume 
Alkalinity decreasing. 


de and cathode together is constant. 


lysis of water. The volume ratio of thc 
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Electro'ysis of sodium chloride solution 


The apparatus is the same as for concentrated hydrochloric acid (pag 
dilute sulphuric acid (page 156). The cathode may be platinum (or car’ 


e 151), oF 
bon), bul 


the anode must be carbon to resist attack by chlorine. 


The ions present are: 


From sodium chloride 
From water 


CATHODE 
Na*(aq) 
H*(ag) 

r4 


both migrate to cathode, H*, being 
lower in the electrochemical serics, 
discharges in preference to Na*. 


H*(aq) j-e- — H(g) 


Hydrogen molecules are then formed 
by combination of the atoms in pairs. 


H(g) + H(g) — H;(g) 


Discharge of H* disturbs the ionic 
equilibrium of water. More water 
ionizes to restore it. 


H,0() = H*(aq) + OH- (ag) 
Excess OH- so produced, with incom- 


‘ing Nat, is equivalent to the presence 
of sodium hydroxide. 


Summary m: 

drogen, ] volume — 
Audit becomes alkaline by presence 
of sodium hydroxide. 


Nat(aq) Cl-(ag) 
H*(aq) OH-(aq) 


ANODE 
CI-(aq) 
OH-(aq) 
x 


both migrate to the anode. Ci i 
discharged because it is presen re 
much greater concentration than 

(see page 154). 


Cl-(ag) — e~—> CK) 


A irs € 
The atoms then combine in pairs 
give molecules. 


CI(g) + Cl(g) — Chale) 


Summary 

Chlorine, 1 volume 

(N.B. In practice it will be less tha? 
one volume as some oxygen is alias 
produced.) 


1 i l voli hte 
? en and chlorine are producea in equa mes If the thre 
ae js used, chlorine will have to saturate the brine first 
1 zd 


E 
lectrolysis of copper(I!) sulphate sol 


The ions present are: 


From copper(II) sulphate 
From water 


CATHODE 
Cu?*(aq) 
H+ (eq) 


x 
both migrate to the cathode. Cu?*, 
being lower in the electrochemical 
series, discharges in preference to H+. 


Cu?*(ag) +27 — Cu(s) 
The copper deposits as a brown layer. 


Summary 
Copper deposited. 


It will be seen that, with p! 


will not change. 


n x latinum or carbon elec 
solution will fade as the copper is deposited. With coppe. 
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ution 


Cu**(aq) SO.*~(a9) 


H*(aq). OH-(aq) 
ANODE 
SO,2-(aq 
Ona” | 
b 
Platinum or carbon anode 


See the exactly similar case of di 
HE dilute 

sulphuric acid (page 155). i 

pC ). See Figure 


Summary 
Oxygen given off. 
Solution becomes acidic with sulphuric 


acid. 


Copper anode 

With this anode, there are three 

possibilities: 

1. Discharge of SO;2- 

2. Discharge of OH- (by loss of 

5. Conversion of Cu [electrons 
atom to Cu^* 

The last of these occurs most readily. 

$0,2- and OH- are not discharged. 

Copper passes into solution from the 


Cu(s) — 2e- — Cu**(ag) 


Summary r A , 
Copper passes into solution as ions. 


The total concentration of the solution 


in SO4^- (not discharged) and Cu?* 
siting on the cathode) 


copper is depo: J 
s DEBES The electrolysis merely 
transfers Coppet from anode to 
cathode. 

trodes, the colour of the 
electrodes the colour 


180 A Now Certificate Chemistry 


copper 
sulphate 
Solution 


electrolysea 


At cathoda At anode 
Hydrochloric 
acid (conc.) 


Hydrogen Chlorine 


a 
Sulphuric acid one volume One'volUm 
(dil.) 
Hydrogen Oxygen 
2 Volumes; 1 volume; 
decrease of increase of 
i acidity acidity 
Caustic soda 
(sodium —— 
' hydroxide) 


Hydrogen 


Oxygen 
2 volumes; 1 volume; 
increase of decrease of 
Common salt alkalinity alkalinity 

(sodium cuite Mor 
chloride) Hydrogen Chlorine 

1 volum; 1 volume 

Sodium 

hydroxide 


Copper(Il) 


Solution 
sulphate 


Coppe 1 
OF Carbo, per 2 d 
Copper(Il) 2 deposited sulphuric 3¢! 
sulphate lcs ae a 
Copper Copper 


deposited 
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Cells 
We have seen how it is possible for an electric current to produce chemical 
change when it is passed through an electrolyte solution. The next experiment is 


designed to show that Chemical reactions can produce an electric current. 


Experiment 37 


© production of an electric current from a chemical reaction 


Set up the circuit shown in Figure 79 using a 
125 V, 025 A lamp bulb, and a beaker two- 
thirds full of a molar solution of sulphuric acid. 
Into the beaker place strips of magnesium 
ribbon and copper foil, thoroughly cleaned 
by abrasive papel, and connect them up to 
the circuit using the crocodile clips on the ends 
of the connecting wires. A reaction will take 
place quite rapidly and the bulb will light, 
indicating the flow of electric current in the 


circuit. 


Figure 79 * 


o different metals in ‘an electrolyte as in the above 
and the whole system when supplyir.z 


ENS arrangement of tw ; 
peri j manic couple, 5 
ment EDS aga ehamical cell. To operate effectively the two 

e.g. copper and 


an electric current constitutes à i i 
etale must be widely separat in the electrochemical series, e.g. x 
magnesium. If rods of these metals are placed in the electrolytes sree e 
acid, ada UN occur other n the 
dissolving E es long as the metals are not in contact. If, how- 
ever, they are joined by an € ical conductor such as a metallic wire (not in 
contact with the electrolyte), it} d ers en aom Sab 
from copper (-+) to magnesium (=), the magnesium Will OMA PT Py 
lyte and hydrogen will appear as bubbles 0D. the copper. Magnesium becomes 
a cathodi ano ein this voltaic cell. $. 
ati pds id. ls alt magnesium, the more electropositive of the two 
metals Hionizes: by electron Joss and the electrons pass from magnesium to 
copper through the wire. This is equivalent to the flow of conventional current 
in the opposite direction. At the copper surface, the electrons reduce hydrogen 
ions from the electrolyte. : 
Mee De oF 

dB 


2H*(ag) --2€ — 
Theoretically, current can continue tO flow as Jong as materials last; in practice, 
bubbles of hydrogen adhere tithe copper, cut OF much of its contact with the 
electrolyte, and so ‘polarize’ the cell. h 
CP bruce is a device for converting chemical energy into electrical 
to the change: vē equations show, the whole process in the cell corresponds 


y -N Moly + 2H*(ag) > M^ * (89) + Hale) 
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E m dissolves in dilute sulphuric acid and, normally, 
chemical energy is made available from this change as heat ; in this cell, much of 


r to electrica] energy as electrons flow from 
magnesium to copper through the connecting wire, 2 


Zine i i T ; 
the electrons pass round the external circuit, Ee aaone mme i 
lighting a small bulb or ringing a bell), a teers : i wi ? ed 
causes discharge of ammonium ions from the electro] at the ano e. f 
ammonia (in solution) and hydrogen, Tolyte, with formation o! 
At cathode 

Pals) —> Zac (Ga) 2e EON E Ese (B + H) 
The anode is immersed in a Porous pot contain a(g, pu 
oxidize the hydrogen. Otherwise, bubb : 


ng man ide to 
les of Banese(IV) oxide 
would polarize the cell. 9 hydrogen adhering to. the anode 


2Mn**(aq) + H;(g) + 20H (aq) —- 2M, 


n?*(3, 2 
In the so-called ‘dry’ Leclanché cell, the electrolyte; q) d H,0(1) 
spilling and the cathode is usually sheet zinc, also acti, iS Belatinized to prevent 
will yield a small current. continuously Withoi E € cell case. This cell 
larger currents can be obtained intermittently, ; io. SERE 
the cell to recover from polarization, 


: Lead accumulator 
The legd accumulator is a secondary cell, że., it has to 


of direct currerit (usually rectified mains current) through if bstecar 


‘discharge’ yielding direct current for use where requiret ih aft wii piste 
system of an automobile, These processes of charge and 3 DARE electrical 
repea times. TRE ca 

Rn add and anode of the acoumulator are both ga. AE be 
alloy. At discharge, both vae cM a lead sulphate filling. The af, 2*timony 
sulphuric acid suitably diluted water. ectrolye 7 

During charge; the following changes occur. 

At cathode "T vip ooh bd 3e lip 
= S 5O(1)—22- 
B) d iahon $0,77 into solution aO tat 
" 


n. 
i i f spongy lead and the 
i thode grid acquires a filling o j the anode 
That is, the ca: ide. Passage of ion into solution (from equations aboy d 
ee 4ead(IV) oxide. 


2- to 4H* increases the coricentration and densi) ih the 
tion of 2505 E.M.F. isa little above 2 volts and the ac; Y Of th 
prope! wail charge, the E- he acid depot the 
ard as, ity i. 
1 
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During the discharge the cellyields electrical energy by the following changes. 


At cathode At anode 
Pb()-xbbit(aq-L2- — » PLO,(5)-+4H*(aa) 427 — Pb* (aa) +2H200) 
From solution, SO4?7 From solution, SO4?7 
PbSO, deposits PbSO, deposits 


Electrons available from lead at the cathode pass round the external circuit 
performing the electrical work required and are absorbed at the anode. Absorp- 
tion of ions (4H* :2SO,77) from the electrolyte decreases the concentration 
and density of the acid. The E.M.F. falls to'2 volts soon after discharge begins 
and stays constant until it is almost complete, then falling to 1.8 volts. At this 


point, recharging is required. 


Laws of electrolysis 

The laws expressing the quantitative results of electrolysis were first stated by 
Faraday. Expressed in modern terms they assert that the amount (expressed in 
moles) of an element liberated during electrolysis depends upon: 


(1) the time of passing the steady current 
(2) the magnitude of the steady current p 
(3) the charge on the ion of the clement. 
nt of substance liberated during electrolysis upon 


The dependence of the amou 1 
these factors may be investigated through the experiments which follow. Factors 
(I) and (2) may be incorporated into the same experiment since the product of 


the current (measured in amperes) and the time (measured in seconds) gives a 
measure of electricity known as the quantity of electricity, which is measured in 
units called coulombs. Thus: 
quantity of electricity — current X time 
(coulombs) (amps) (seconds) 


——————7— 


Experiment 38 
Investigation of the amount of substance liberated in electrolysis by 


different quantities of electricity 


rh 


| 


{ ^) ammeter variable 
` 


Set up the circuit shown in Figure 80. Fill the 
beaker two-thirds full of 0.1M copper(II) 
sulphate solution. Take a piece of clean, dry 
copper foil, approximately B cm x 3 cm, and 
weigh it. This is to be the cathode in the circuit, 
and should therefore be attached to the negative 
pole of the d.c. supply. A second, similar, 
copper electrode should be placed in tie 
copper(!!) sulphate solution and both electrode; 
connected into the circuit. Simultaneously ii 
a stopclock and complete the circuit using the 
d then quickly adjust the variable 


6 V d.c. supply 


copper. switch, 8n! t 
electrodes resistance to obtain a steady current of approxi- 
mately 0.2 A. it may be necessary to alter the 


variable resistance from time to time to maintai 
i inti 
the current at this steady value, ain 
i After about fifteen minutes swi 
re 80 n Witch off 
Figu! N current and note the time on the Be 
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Remove the copper cathode, wash it Carefully 
in distilled water, then in a little ethanol, and 
finally in. ccopanone (acetone). When itis f 
completely dry weigh the cathode, and deter- 
inine the increase in mass of the electrode. This 
is the mass of copper deposited in the time for 
which the current flowed, 


Replace the cathode in the beaker, start th» 
Stopclock and switch on the current. After u ! 
urther fifteen minutes Switch off the currer.t, 
and determine the increase in mass of tho 
Copper cathode, Repeat this procedure for a 


further half hour (.&, two more measure- 
ments). 


ee gites a ee e r 
Specimen results 
These are summarized in the table below. 


Current/ Time|seconds 


Quantity of Mass of copper 
amps electricity /coulombs deposited/grammes 
E UR ERES 
0.21 15 x 60 = 900 900 x 0.21 = i89 0.063 
0.21 30 x 60 — 1800 1800 x 0.21 — 378 0129 
0.21 45 x 60 — 2700 2700 x 0.21 — 576 0.187 
0.21 60 x 60 — 3600 3600 x 0.21 = 756 0.250 


Table, and the relationship may be demonstrated aphically, as illustrated in 
Figure 81, From the shape of the ich is a straight lien 


passing through 
025 


o 
Ñ 
So 


mass of copper deposited /grammes 
o 
a 


010 
0.05 
9 x 
0 "1007209 300-400 500 600 700 ato 
Quantity of electricity /coulombs 


Figure 81 


sis 
liberated at (or dissolved trom ) YSIS States that 


an 
5f electricity 
The third factor li 


i i ; jount kaliber 
during electřolysis may also be Investigated experiment. atte liberateg 
interested in the effect of the charge on the y. Sinc 


H We an 
+S LONS present ;, = 
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keep the quantity of electricity fixed whilst varying the types of von in €Stvtion, 
This mav be achieved by passing the same quantity of electricity through iwo 


cells, with 
experjment. 
"—— 


Experiment 39 


Comparison of the ài 
the same quantity of electricity 


ions of different charges in each, and is described: in the following 


mounts of different substances liberated by 


6 V d.c. supply 


[3 Al 


ammeter (a) 


0.05 M 
copper(ii) sulphate 


solution 


variable 
' resistance 
S 


silver 
electrodes 


005M 
silver nitrate 
solution 


Figure 82 


Set up the circuit of Figure 82, containing à 
Lopper voltameter and. à ver voltameter (à 

“iamoten isa vesselicontaining two electrodes 
inmersed in a solution of ions through which a 
current is to be passed). Identify the copper and 
silver cathodes, clean end dry them as in 
Fxperiment 38, and after weighing them replace 
them in their respective voltameters, Pass a 


current of about OF ^ for twenty to thirty 
the cathodes should be 


minutes, after Wh! 

removed; cleaned ond reweighed. 
Compare the masses of copper and silver 
deposited. Note tha! care must be taken in 
removing the silver cathode tr 
the metal does not always » 


dived 


om the solution as 
dhere well to the 


Specimen results 
Current flowing 


Duration of current flow 

Mass of copper deposited 

Mass of silver deposited 
It can be seen that the masses ol copper and silver deposited 1 
gfui comparison of the acipünts of ~ 
le only by calculating the unsnber of 


Š are dillerent, but @ mear 
^ ments deposited can be ' 
of cach of ihe elements i : mec. 

Thus: 


Amount of copper depositul = 63,5 


Amount of s ‘ver dep > 


wed, > 


cathode. 
fa n 
--045 A 
-3-25 minutes 
0.221 grammes 
= 0,755 granimes 
experiment 


ch oi «une ele- 
moles of atoms 


6221 . je 00035 mote 


no^. = 0.0070 mole 


0.755 
n 
JU. 
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and it can therefore be seen that twice as man: ^ 
atoms of copper. This arises because of the third factor listed on page 163, 
where the charge on the ion of the element cc cerned must be considered. 


Since the process at the cathode is that o f the aadition of electrons to the 
cations: 


/ atoms of silver are deposited as 


3 X"*(aq) + ne7 - > X(s) 

it can be seen that the quantity of electricity required to liberate one mole of X 
will depend upon the charge. n-t, on the ion. In the case of copper and silver the 
charge on the Copper ion is twice that on the silver ion (Cu?* and Ag*) and 
therefore twice the quantity v| ‘electricity will be required to liberate one mole of 
Copper as for the liberation et ‘one mole of Silver. Thus for the same quantity of 
electricity only half as many | “oles of copper will be obtained as silver, which is 
the Tesult arrived at aboye. | 


IS important Telationshij ) may be summarized in Faraday's Second Law 
Which describes th, 


element deposited and 
the charge on the ions of that clement. 


liberate one mote of an element is 
lombs, and this obviou, ily applies to an element with sin 


gly positively 
entity of ele ctricity is given a Special name which is the 


out so much work in the study of 
electrolysis, Thus one Faraday wi) | liberate one mole of hydrogen ions, one 
ions, and in general since 
M*(ag): + e~ — M(s) 
represents the cathode Teaction for a t ‘nivalent metal M, 


mole of unipositive ions to be discha rged the Charge 


» it follows that for one 
el Will be required, 


carried by one mole of 
Hence, 


one Faraday is equal to \ ne mole of electrons. 


045 x 25 x 60 coulombs 
= 675 coulo, ybs 
For silver 


675 coulombs liberate 9,755 grammes silver 


a ; 0.755 x 96 500 
<’. 96 500 coulombs liberate ann as grammes silver 


= 108.0 grammes Sliver 
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Since silver forms unipositive ions, Ag*, one mole of electrons (one Faraday) 

will liberate the relative atomic mass (mole) of atoms. Hence, relative-atomic 
mass of silver = 108. 


' For copper 
675 coulombs liberate 0.221 grammes copper 
0.221 x 96 500 
675 
— 31.6 grammes copper 


Since copper forms dipositive ions, Cu^*, one mole of electrons will liberate 
half the felatiye atomic mass of atoms. Hence, relative atomic mass of 
copper = 2 x 31.6 = 63.2. 


7. 96 500 coulombs liberate grammes copper 


) Electroplating 
Electroplating is the electrical precipitation of one metal on another to secure 


improved appearance or greater resistance to corrosion. t 
In silver plating, articles such as table-ware or cake dishes, made of base 


alloy, e.g., cupronickel, are made the cathode in a plating bath of potassium (or 

sodium)argentocyanide KAg(CN); solution. This contains some silver ions, Ag+. 
"o (05 KAg(CN)2(aq) = K*(ag) + Agt (ag) + 2CN-(aq) 

The anode is pure silver. When direct current passes, the following occurs. 

At cathode: 
Ag*(ag) + e- -> Ag(s) 
Silver deposits 


At anode: 

Ag($) — e- — Ag*(aq) 

Silver dissolves 
In correct conditions, the silver layer deposited on the cathode article is coherent 
and tough and can be highly polished, 

Chromium plating is much used to improve the appearance of steel parts and 
protect them from rusting. The steelj$ usually plated first with nickel or copper, 
because chromium does not adhere well on to a steel surface. The object is made 
the cathode in a plating bath which contains chromium compounds (¢.g., 
sulphate and oxide) in sulphuric acid and water. A lead anode is usual. When 
direct current passes, chiomium deposits on the article at the cathode as a 
bright coherent layer. 

Cr3+(aq) + 3e^ — Cr(s) 


This layer resists rusting and gives a bright ‘silvery’ appearance, 


Questions 


Relative atomic masses will be found on 
Page 499, 


^ What do you understand by the term 
electrolyte" ? Describe experiments to demon- 
strate the products formed in the electrolysis 
of solutions of (a) sulphuric acid; (b) sodium 
sulphate; (c) copper(11) sulphate. (O. and C:) 


2. State Faraday's Laws of Electrolysis. 
Describe carefully what happens when 
copper(II) sulphate solution is electrolysed 
between (a) platinum and (6) copper elec- 
trodes, and when sodium chloride solution is 
electrolysed between (a) platinum, and 
(b) carbon electrodes. (L-) 
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3. Give a general but concise account ofthe 
phenomena which occur when a salt is dis- 
Solved in water and the solution is electro- 
lysed. 

Describe briefly two instances of the 
practical application of electrolysis. (L.) 


4. When an aqueous solution of sodium 
nitrate is electrolysed with inert electrodes, 
the products are hydrogen (2 yol.) as the 
cathode and oxygen (1 vol.) at the anode. 
Also, the cathodic liquid becomes alkaline 
and the anodic liquid acidic, Explain these 
Tesults and write ionic equations in illustra- 
tion, 

5. Explain why solid Sodium chloride is a 
very poor clectrical conductor while, if 
melted, it conducts electric current readily. 
State the products of electrolysis of molten 
Sodium chloride and give ionic equations to 
account for them. State and explain the 
different products obtained by electrolysis 


ofa concentrated solution of sodium chloride 
in water. 


6. Draw a fully- labelled diagram of the 
dppatutus you would use to electrolyse a 
concentrated solution of sodium chloride 


were used in the electrolysis i 
complete combinati; AAE qal 
occurred? (C.) 


7. What mass of silver, and what volume of 
seen electrolysis ere would be liber- 
z sis by 
electricity? (S) y: y 9650 coulombs of 
8. How many Parada: i 
I YS of electricity are 
grammes op Produce by electrolysis: (a) 27 
Oxyuen T(S aluminium, (b) g gtammes of 
9. TWo'plates, one oy: 

1 » One of zinc and one of 
vl Tan agua qd eoe 
sulphurie acta Tu are dipped into dilute 

E tS Up but the 

(a) What would be obs Ted at 

plate? Write an ionic equation 
action occurring. 

(b) What would happen at the zine plate 
Write an ionic equation for the reaction, a 

(c) Explain why the light fadeskirier a short 
time, 

(d) If the zine plate were 
iron plate, would the 1. 
brightly? ^ 3 

(c) Jf the zinc plate were retained but the 
copper plate were replaced by a silver plate, 


the copper 
for the re 


replaced by an 
amp glow more or less 


* 


would the lamp glow more or less brightiy? 
(J.M.B.) 


10. Draw a fully labelled diagram of a volt- 
ameter suitable for the electrolysis of water 
acidified with dilute sulphuric acid, showing 
how the gaseous products are collected. Give 
the names and relative proportions of the 
gases evolved, and the names, materials and 
polarities of the electrodes. Represent the 
reactions taking place at the electrodes by 
ionic equations. 

Explain why the same result would be ob- 
tained if the water was made alkaline by 
adding sodium hvdroxide solution instead of 
acidifying it with dilute sulphuric acid. — 

State and explain the effect of electrolysing 
a dilute solution of sodium sulphate in the 
Same voltameter. (J.M.B.) 
11. (2) Name the product at each electrode 
and write equations for the reactions which 
Occur during the electrolysis of copper(II) 
sulphate (cupric sulphate) solution, using 
Platinum electrodes. (b) Calculate the mass 
of each product of electrolysis if the current 


Were stopped after tne Passage of 0.01 
Faraday. 


(©) Describe what would be seen at each 
electrode if the direction of the current were 


the current allowed to 
flow until a further 0.0; 


not occur in (a). 
btaining copper 

n which electro- 
) 


cribing the passa; 
between platinum electrodes immersed in 
copper(I) sulphate soluti i 
tions to show what happens at each electrode, 
and state what would be observed, 
at different observations would be 
made if the electrodes were made of copper? 
plain what connection there is between 
the term electrolyte and the term ‘electro- 
valency’, (S.) 


13. A Solution of copper(II) sulphate, acidi- 
4 with sulphuric acid, is electrolyse 
or ag copper electrodes, (a) Give the formulae 
9f the ions present in the solution before 
electrolysis, (b) What changes, if any, are 
Observed at the cathode, at the anode, and 
im the Solution? (c) Explain the reactions, 
ieee t at the eiectrodes, (7) What 
un of this Process in industry 7 n 
bans con asked © Investigate the connection 
through, Me Quantity of Clewpicity passe 
A ua © Solution of Copper(1h) sulphate 
the electri ii Opper deposited, (i) Sketch 
thee Periit yok Would use, (ii) Stat 

e Bieasuremeats You would make. 


„Iu such an experiment 1930 coulombs 
berated 0.64 g of copper. When the same 
S pnlity of electricity was passed through a 
of lution containing silver ions, Ag+, 2.16 g 
silver were libcrated. How do you explain 
results? (A.E.B.) 

14. 0.02 Faradays of electricity were passed 
rough s solution of sodium hydroxide 
Using platinum electrodes. 

@ Give the names of the gases evolved, 
and the names or signs of the electrodes at 
which they were produced. 

(b) Draw a labelled diagram of a suitable 
Apparatus for this electrolysis and for the 
Collection of the products. 

(© Represent the reactions taking place at 
the electrodes by ionic equations. 

(d) Calculate the number of moles of each 


' gas produced and also the volume which each 


£83 would occupy at s.t.p. 
(e) Calculate the time required to complete 
the passage of 0.02 Faradays if a current of 
2 amps were passed through the solution. 
(f) Write an equation to represent the 
reaction which would take place if the 
volumes of gases mentioned in (d) were 
mixed and ignited. State the number ©! 
moles of the product which would be formed. 
(The gramme-molecular volume of à gas 
at s.t.p. is 224 dm, 1 Faraday = 96 5 
coulombs.) (J.M.B.) 
15. (a) A steady current o 
between copper electrodes 
tion of copper sulphate for 1 hour. The 
cathode gains in mass 
anode loses mass by the sam 


jn mass by 4.76 g. 
Faradays of electricity. required to cause 
1 mole of copper (63.6 g) to dissolve from 
the anode in each case, and comment on the 
answer. 

(1 Faraday — 96 500 coulombs = 26.8 

amp hours; 1 coulonib — 1 amp for 1 sec.) 

(6) Why is it inadvisable to examine the 

acid levels in a car battery by the light of a 
burning candle? 

(c) The elements magnesium, nickel, 

hydrogen, copper, and silver stand in that 
order in the electrochemical series (mag- 
nesium most active). 

(i) What would you expect to happen at 
the cathode if an aqueous solution of 
nickel nitrate and silver nitrate 1s 

... electrolysed with platinum electrodes? 

(ii) Magnesium is placed in an aqueous 
solution of copper(II) sulphate in one 
beaker. Copper is placed in an aqueous 
solution of magnesiuni sulphate in 
another beaker. What would you ex- 
pect to happen in each beaker? (L.) 
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16. An element X has a relative atomic 
of 88. When a current of 0,5 amp eet 
through the fused chloride of X for 32 
minutes 10 seconds, 0.44 g of X was deposited 
at the cathode. (1 Faraday — 96 500 
coulombs.) (a) Calculate the number of 
Faradays needed to liberate 1 mole of X. 
(b) Write the formula for the X ion. (c) Write 
the formula for the hydroxide of X. (J.M.B.) 


17. 0.2 Faradeys of electricity were passed 

through solutions of (a) co: TI) sul 

and (b) dilute sulphuric oppet preuiphite 
Calculate the mass of copper liberate in 

(a) and the yolume of hydrogen evolved at 

s.t.p. in (b). (S) 


18. What mass of (m) copper, (5) alu- 
minium, and what volume at s.t.p. of 
(c) chlorine and (d) oxygen will be liberated 
during’ electrolysis by a charge of one 
Faraday ? (S.) 
19. Make a fully labelled diagram of the 
apparatus you would use to electrolyse 
acidified water. Name the acid used and the 
material of the electrodes. Assuming that the 
electrolyte is freshly made immediately 
before switching on the current, explain why 
the relative volumes of the gaseous rroducts 
ave not at first in a simple ratio to one 
another. How would you find out whether 
any of the acid you have used in making up 
the electrolyte is consumed during the 
action? 

Give one example of the electrolysis of a 
fused salt, naming the products at the 
electrodes. (C.) 


20. By means of a labelled diagram, show 
how you would carry out the electrolysis of 
molten lead(II) bromide, indicating the 
names and polarities of the electrodes and 
giving ionic equations for the actions taking 
place at the electrodes. State the approxi- 
mate voltage applied to the cell. Describe in 
detail one chemical test to identify the 
product at the cathode. (J.M.B.) 


21. What do you understand by the term 
electrolysis? 

(a) Give an explanation of the fact that 
hydrochloric acid is a better conductor than 
acetic acid of equivalent molar concentra- 
tion, and give the cathode reaction which is 
common to both solutions. 

(b) G) Give one explanation for the fact 
that metals other than copper are not de- 
posited on the cathode during the electro- 
lytic purification of copper. 

(ii) Compare the quantity of elect: icity 
required to deposit one mole of alumiaium 
with that required to deposit one mole of 
copper. (S.) 
22. A copper rod stands in a dilute 2 iio 
of copper(1l) sulphate in a beaker cle 
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rod stands in-a second beaker containing a 
dilute solution of zinc sulphate. s 

(2) Draw a labelled diagram of this 
"apparatus, adding to it any items necessary 
to enable it to act as a voltaic cell. JC 

(b) Show, on your diagram, the direction 
of flow of electrons when this cell is con- 
nected to an external circuit. 

(c) Describe carefully all changes that will 
take place in each beaker while current 
flows. Explain these changes, 

(d) Give two reasons why the flow of 
electrons will, after a time, diminish. (S.) 
23. Two pi 


by side b 


fairly concentrated sulphuric acid. After 
Some days’ i 


with a wl 


Ow appears to be coated with 
a dark brown 
deposit, 


(a) Draw a labelled diagram, 


, Showing the 
apparatus when current is being passed 
tbrough it, 

(b) Suggest 


a name for the white deposit. 
first formed on each vlate. 


{each isa Molar aqueous solution) 


(d) Suggest any change that you sous 
expect to occur in the liquid during 
passage of the current, (O. and C.) 


24. What do you understand by the term 
electrolyte? s 
Aie liquid and B is a solid and Wet 
omes an electrolyte when dissolve im 
water: C is a solid and becomes an gd 
lyte when melted, Name three different ax 
stances A, B, and C which become electr fi 
lytes under the conditions mentioned, an 
Bive a brief explanation in each case. MET 
Figure 83 represents a network for pas ue 
direct current simultaneously through Topa 
cells wired in paraliel: the contents of an 
cell is indicated and each cell is wired d 
series with a lamp. If the current is Ser 
So that the lamp Z2 glows dimly, state whi n 
you think will be the relative brightness of a! 
four lamps and give reasons for ainga 
(Individual electrode reactions need not 
quoted.) : ion 
Name (i) a pure liquid, and (ii) a solution 
which could be used instead of ait 
without changing the current flow in the 
network. (O.) 
25. A steady current is passed through two 
Voltameters connected in series containing 
copper(II) sulphate solution and dilute 


sulphuric acid respectively, All electrodes 
are of platinu 


m. What is the total volume 
Of gases liberated in the latter (measured at 
S.t.p.) when 6.3: 


grammes of copper are 
deposited in the former? (S) 


Sodium 
hydroxide. 
) 


Figure 83 
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17 Oxidation and 
Reduction 


The concepts of oxidation and reduction are very good examples of the way in 
which ideas about the nature of chemical reactions develop as science makes 
advances in a whole variety of seemingly unrelated fields. Thus oxidation was , 
originally thought of in extremely simple terms, which have since been modified 
in the light of the increase in our knowledge of the basis of chemical reactions. 
In order to understand oxidation and reduction more fully, we shall briefly 
examine the various stages through which the definitions of these terms have 
passed, and ultimately arrive at a concise definition in modern terms. 


Oxidation as the addition of oxygen or removal of hydrogen 
Originally, oxidation was simply a reaction in which oxygen combined with 


another substance, either wholly or in part. Reduction was, therefore, a reaction 
in which a compound was deprived of all, or part, of the oxygen it contained. 


Thus in the reaction 
CuO(s) + Hi(g) — Cu) + H20(1) 


the hydrogen has been oxidized to water (since oxygen has been added to it) and 
the copper(II) oxide has been reduced to copper (since oxygen has been removed 
from it). In such a reaction the copper(I) oxide is described as the oxidizing 
agent, and the hydrogen as the reducing agent. 

‘An important aspect of such reactions which was immediately obvious once 
the terms oxidation and reduction had been defined as above, is that oxidation 
cannot take place in a reaction without reduction simultaneously occurring. 
Thus the idea of oxygen transfer (from the oxidizing agent to the reducing 
agent) is fundamental to this initial definition. 

The readiness with which hydrogen combines with oxygen to form water 
caused hydrogen to be regarded as a kind of ‘chemical opposite’ of oxygen; so 
the term oxidation was extended to include reactions in which a compound gave 

n'as well as those in which it combined with oxyge:. 


up some or all of its hydroge s itc ye 
(This idea of oxidation is analogous to the idea of enriching a man by relieving 
him of his debts.) Thus when chlorine reacts with hydrogen sulphide to produce 


sulphur: 

H,S(g) + Cl(8) > 2HCK(g) + SO 
althou; en does not a ances involved the reaction 
is eis M ation i idation and reduction terms. Bene the 
chlorine molecule effectively removes hydrogen from the hydrogen sulphide the 
chlorine is, by our latest definition, an oxidizing age 
the hydrogen sulphide has in effect added hydrogen t 
be regarded as a reducing agent. 
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Another example may illustrate this point further, Consider the reaction 
: 3Fe(s) + 4H;0(g) > Fe;O,(s) + 4H,(g) 

- z Á , i ei 
in which steam is passed over red-hot iron to produce iron oxide, Since oxygel 
ph been added to the iron, the iron has been oxidized by the water (which is 
therefore the oxidizing agent in this reaction ; and the iron is the reducing 
agent since it has removed oxygen from the water, ; 

A very important point is that it is most dangerous to regard any particular 
substance as ‘an oxidizing agent’ or as ‘a reducing agent’ without at the same 
time stating the reaction under discussion, Examine the following reactions. 


(1) HO(g) + C(s) > H;(g) + CO(g) 
Q) 2H20(!) + 2F.(g) > 4HF(ag) J- O;(g) 
According to our definition so 


oxidizing agent' or 
ng fixed for any given Substance, but we must examine 
each reaction to decide in every single case what the behaviour of any particular 
substance is, 
Summary 
Oxidation is the addition of Oxygen to a substance, 
or the removal of hydrogen from a substance. 
Reduction is the addition of hydrogen to a Substance, 
or the removal of oxygen from a substance, 
An oxidizing agent is a substance which transfers oxygen to another substance, 
or removes hydrogen from that substance, 
A reducing agent is 


a substance which transfers hydrogen to another Substance, 
or removes oxygen from that substance. 


ts have a tendency to attract 
hemselves (to become, ultimately, negative ions) and others have a. 
tendency to donate electrons to other Substances (to become Positive ions). 


: a Way the concept 
ydrogen-like’ elements — the electro, 
n: 


m C;H,(g) + Cl;(g) > C;H,CL(g) 
€ com idi 
like’ clement, has been added to į heen sid heca 
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In order to operate such a definition of oxidation and reduction it is import- 
ant to know the relative electronegativities of the elements concerned. This is 
indicated below, both for metallic and for non-metallic elements. 


Element: fluorine, oxygen, chlorine, nitrogen, bromine, sulphur 
(non-metals) clectronegativity decreases a 


Element: potassium, sodium, calcium, magnesium, aluminium, zinc 


(metallic) electronegativity increases 


Using such information it would therefore be possible to decide, in some 
fairly difficult cases, which substance is acting as the oxidizing agent in a re- 
action. For example sulphur reacts with chlorine under certain conditions as 
follows, 

S(l) + Cla(g) > SCL 
and since both sulphur and chlorine are electronegative elements it would not 
be easy to decide, on the basis of the original definitions of oxidation and 
reduction, which substance is behaving as the oxidizing agent. However, since 
chlorine is much more electronegative than sulphur, chlorine is regarded as the 
oxidizing agent in this particular case. 
Summary 


Oxidation is the addition of an electronegative clement to a substance 
al of an electropositive element from a substance 


or the remov: 
Reduction is the addition of an electropositive element to a substance 
or the removal of an electronegative element from a substance. 


Oxidation and reduction in terms of a change in oxidation number 


The state of oxidation of an element in a compound is sometimes indicated by 
an oxidation number. The oxidation number of an element is a form of chemical 
book-keeping which can be applied to nearly all chemical substances, provided 
a set of simple rules concerning the idea is followed. 

(1) All elements in the free state (that is, uncombined with any other elements) 
have an oxidation number of zero. 

(2) In the case of a simple ion, the element has an oxidation number with the 
same size and sign of the charge on the ion. For example, the ion Cu^* 
has an oxidation number of +2 and the ion S?- has an oxidation number 
of —2. 

(3) The sum of all the oxidation numbers of the elements in a compound is 
zero. For example in the compound FeSO, 

(oxidation number of Fe) + (oxidation number of S) 
4-4 x (oxidation number of oxygen) = 0 
This rule enables us to work out the oxidation number of an element of 
which we are uncertain, e.g., the sulphur in FeSO;. In nearly all of its 
compounds.the oxidation number of oxygen is —2. Therefore, using the 


above relationship 
(4-2) + (oxidation number S) + 4(—2) = 0 
ie, +2 + oxidation number of sulphur — 8 — 0 | 


<. oxidation number of sulphur = +6 


174 A Now Certificate Chemistry 


With these simple rules in mind the concepts of oxidation and reduction may 
now be redefined. 


Oxidation: when oxidation occurs the oxidation number of the element increases. 
Reduction: when reduction occurs the oxidation number of the element decreases. 


For example in the reaction 


of +7 (corresponding to oxide, Mn;O;) and oxygen of —2. The expression, 
Du 4(—2), gives the residual ionic charge of —1. In S0;?7, the sulphur has to 
tak 


en as positive relative to oxygen and existing in the +6 oxidation state 
(corresponding to $03). Then the ionic charge is given by the expression: 


S+S + 40-2 50,2- 


Oxidation of an ion 
least of its constituent el: 


Summary 


Oxidation is an increase in oxidation number. 
Reduction is a decrease jn oxidation number. 


Oxidation in terms of electron transfer 
The most recent definition of oxidation a 


| i ind reduction has brought together the 
ideas exp) ty and of oxidation number, and it 
expresses the changes whi ig the process of oxidation through 
a ned rR of th 1 5 from element to element is 
Course of the chemi 1 nic poi i Sides 
are the definitions of oxidat nd reduction, Reik e Ng fl ning 

Oxidation is the Process of electron loss, 

Reduction is the Process of electron gain. 

An oxidizing agent is an acceptor of electrons, 

A reducing agent is a donor of electrons, 


Oxidation and reduction always occ; 


cesses of electron loss and electron gai iei iun ep 
taneously, The electrons lost by th 


oxidizing agent Present, The folloy, 


EXAMPLE I, When Magnesium is oxid; i 
inetal.is oxidized by losi strong ed Dy toni 
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by oxygen atoms, which are reduced asa result. Ma ium (givi 
t r esult. Magnesium (giving out elect 
is the reducing agent: oxygen (accepting electrons) is the oxidizing nee 
d Mg -—2e- — Mg^*; 40, + 2e7 —> G?- 

Magnesium oxide is a collection of Mg?* and O*- ions in equal numbers. 

_ Notice that the combination of magnesium with chlorine or sulphur is a 
similar process, as: vi 

Me(s) + Cl; (g) — Me?*-2Ct-(S) 
Ma(s) + S(s) > Mg'*.S?-(s) 

Chlorine and sulphur must, like oxygen, rank as oxidizing agents; as before. 
magnesium is a reducing agent in these reactions. From this point of view, any 
conversion of a metal to its ions is oxidation, i.e., electron loss; correspondingly 
any conversion of a nori-metal to its ions is reduction, i.e., electron gain. j 


EXAMPLE2. If à metallic ion, e.g. the iron(II) ion, Fe**, is so treated that it 
loses. a further electron, it is oxidized and is a reducing agent. The process is: 
, Fe?+ — e7 — Fet : 

An iron(II) ion is formed. An agent must be present, e.g chlorine; to accept 
the electrons made available by the ferrous ions. It acts as th dizi p 
(electron acceptor) and is reduced. Si g agent 

4Cl, + e7 — CI 
The complete reaction can be represented: 

Fe?+(aq) + $Cla(g) > Fe**(aq) + Cag) 

It will be observed that the ‘valency’ of the metal increases from 2 to 3 during 
the oxidation. 
EXAMPLE 3. The ‘removal of hydrogen’ aspect of oxidation is interpreted.in 
the following way. Consider the oxidation of hydrogen sulphide by chlorine. 
Hydrogen sulphide is slightly ionized as: 

HS = 2H* + S?- 
The sulphide ion parts with its two clectrons and is, therefore, oxidized, acting 
as a reducing agent. 

S?- —2e7 — S 

The electrons are accepted by chlorine atoms, so that chlorine acts as an oxidiz- 
ing agent aud is reduced. 

Cl, 4-2e7 — 2Cl^ 
Adding the two equations, 

$2-(g) + C (g) — SG) + 2CI- (9) 

The hydrogen ion of the hydrogen sulphide is unchanged. - 

The reduction of hot copper oxide by h; 
Cu?*.02-(5) + Hale) —> Cu) + H,0(g) 
per(Il) ion is reduced by electron gain, as: 
Cu + 2e° > Cu 
The two electrons are made available by 

O?- and hydrogen: 


EXAMPLE 4. ydrogen is given 25: 


It is clear that the cop] 


the reaction between the oxide ion 


Qi + Ha> H20 26 
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By combining wiin oxygez in this way and supplying aie to ite PE 
ion, hydrogen exercises reducing properties. Ths oxide ion is oxidize y 


i inati i iie: s water. 
loss and the oxygen atom remains in combination with hyarczen as 


ris. i C- 
EXAMPLE 5, Nitric acid can Operate as an oxidizing agent, by RCCCDURE ele 
trons, iu several different ways. The two of greatest importance are: 


4HNO3(aq) + 2e- — 2NO;-(ag) + 2H;O(I) + 2NO,(g) 0) 
8HNO,(aq) + 6e- — 6NO;-(aq) + 4H,0(l) + 2NO(g) (i) 


The electrons are Supplied by a reducing agent. A metal often acts in this way, 
eg 


Cu —> Cu?* + 22- 
To supply the two electrons needed in equation (i), 


This yields the Teaction: 
Cu(s) + 4HNO;(aq) — Cu2+ 
This is the chief reaction occurring w] ceni 
acid. The prod i » Water, and nitrogen dioxide, 
To supply the six electrons needed in reaction (ii), three Copper atoms are 
required, This yields the reaction: 


3Cu(s) + SHNO, (aq) —> 3Cu** 2NO;-)(ag) + 48,0() + 2NO(g) 
This is the principal i 


one copper atom is required, 


Oxidizing agents Reducing agents | 
Oxygen (page 285) Hydrogen Sulphide (page 400) 
10; + 2e- — 9:- H:S 2 


S?- — S + 20- 
Chlorine (pags 369) 


Sulphur dioxide (aqueous) (page 405) 
Ch + e- > Ci- S0: + Hio 2 1280; = 2H+ + 50,2- 
S0;- + H30 —> 504%- 4 24+ + 2e7 
Ozone (page 294) Hydro; i ic oxi 
ro adt S a Ree ag (with heated metallic Oxides) 
a OF + Hi —> H20 + 2e- 
MO, an 890 200) Carbon Monoxide (with heated metal- 
The H* ls Supplied by w, à 2 ic oxides) (Page 31 6) 
or dilute acig roses inate in o pie g 
liquid 
Nitric acid (Page 438) i 
4HNO; + 269 22) those heated metaltic oxides) 
2N0;- + 2H,0 + 2No, 


a- 
8HNO; + 6e- —» Sr p pos CO +. 2e- 
6N0O;- + 4H,0 + 2NO 


C= > Cor 4e- 
NEC. ao ies E 


ae 


ES 
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Notice that all the oxidizing agents are eleciron acceptors; all the reducing 
agents are electron donors. Examples of their oxidizing or reducing action will 
be found on the pages quoted. 

Evidence for the transfer of electrons during an oxidation-reduction reaction 
(commonly known as a ‘redox’ reaction) is given in the following experiment, in 
which iron(II) sulphate solution and potassium iodide solution are made to 
react together in two quite distinct ways. 


l e—a 


Experiment 40 
Electron transfer in the react 
and potassium iodide solution 


(a) To a few cm? of iron (Ill) sulphate solution 
in a test-tube add a few drops of potassium 
iodide solution. The brown colour of iodine will 
be seen to form throughout the solution. 


Fe2(SO4)3(aq) + 2Kl(aq) > 
2FeSO, (aq) + KiSO.(aq) + 1,(aq) 
Expressed in ionic form to illustrate the electron 
wansfer this becomes: 
Fe?+ (aq) + e- — Fe**(aa) 
1-(aq) > łla(a9) + 27 

in which an electron is transferred from the 
iodide ion to the iron(lll) ion. The iodide has 
reduced the iron(II!) compound. 4 

(b) The same reaction may be carried out 
without mixing the two solutions, as follows. 

Set up the arrangement shown in Figure 84, 
in which the iron (IIl) sulphate solution and the 
potassium iodide solution are contained in 
separate beakers, each of which has à platinum 
(or similar) electrode dipping into it, the two 
electrodes being joined toa sensitive voltmeter. 
On connecting the two beakers with a strip of 


The appearance of the bro 
indicates that the iodide ions 


ion between iron(1II) sulphate solution 


filter paper soaked in common salt solution (this 
is known as a ‘salt bridge’, and completes the 
circuit) observe carefully the changes taking 
place in the two beakers. 


Ton 
sulphate or 
Figure 84 


wn colour of iodine in the potassium iodide beaker 
are being oxidized to iodine. Since there is no 


source of d.c. supply in the circuit there is no el-ctrolysis taking place, nor do 
the two solutions come into contact. The salt solution in the filter paper does 


not react with either solution (try separate test-tube experiments to convince 


yourself of this). 


Because the salt bridge completes a full electrical circuit the electrons lost 
by the iodide ions are able to transfer to the iron(II) ions in the other beaker, 
and thereby carry out the reduction of Fe?* ions. The appearance of iodine 
around the electrode in the potassium iodide solution is & further indication of 
the part played by the electrons in this process, 8 is the reading on the volt- 


meter in the external circuit. 


Oxidation and reduction in electrolysis 


It should be noted here (see also page 
is equivalent to a reducing agent, and that 


152) that a cathode, as a source of electrons, 
discharge of positively charged ions 
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3t a cathode is, chemically, a reduction. 


The hydrogen ion, for example, is 


reduced (by electron gain) to the hydrogen atom; H+ + e- — H. The electron 


: á SEN 
is supplied by the cathode. Similar] 5 
in all cases, a reduction to the ordin 


discharge of metallic ions at a cathode is, 
ary atomic state of the metal, as: 


J 


Na*-Fe-—-Na or AP*-E32-—, Al 


Correspondingly, an anode;as arelectron acce 

= ing agent. Discharge of negatively charged ion 

For example, chloride ion, CI-, is-oxidized to 
electron being accepted by the anode, as: 


ptor, is equivalent to an oxidiz- 
s at an anode is an oxidation. 
the atom by electron loss, the 


CI- —e- — CI 


Questions 


1. Give one example in each case of sulphur 
dioxide acting as (a) an oxidizing agent, 
(b)a reducing agent, G.M.B,) 


2, What is a reducing agent? Give three 
examples of common reducing agents, 
Describe and explain any €xperiment in 
which sulphuric acid is teduced. (O. and C) 


and i iperiments in 
1 ing Substances play the part 
9f oxidizing agents: (a) nitric acid; (b) cop- 
per) oxide; (c) chlorine, How. Would you 
show practically that oxidation has 

in two of these cases You select? (O, and C) 
4. Select (i) a reducing agent d (ii 
oxidizing agent, from the Telom e? 
sodium sulphite, car orine, potassium 
sulphate, CODper(IT) oxide, In cach case 
describe one reaction illustrating the oir" 
ing or reducing Property, (O, and C.) 

5. How would you make a soluti 
iron(II), chloride starting wirp Solution of 


ir iron wire? 
arre three reagents which would 
solution ions iment 


MEAS iron, 

Containing iron(II) ions and wri 

tion for the reaction using ANN 
reagents and stating What 

| would Carry out. 


by the terms oxidation and 


escribe 
" t you could ca: 9 X 
mine which it js, 7) out to deter 

State which Teactant is oxidized in each of 
the following reactions and, in cach case, 
BIVE a reason: 


cathode can become a very si 
is what happens in many cases of the extracti 


(a) 2H;S + SO; — 2H 
(b) 2FeCl; + Ch —> 2FeCl, 
(c) SO, + 11,0 + Nacio —> 
NaCl -+ HSO 
(D 2K + 28,0 — 2KoH FH, Sos 
7. Define oxidation in terms of (a) o; n, 
(b) hydrogen, (c) electrons, MALE 


IV) oxide. (manganese 


ji ate, chlorine, 
hydrogen Peroxide, and sodium hypochloritz. 


agent which is 
(iii) an oxidizin 
its solid form, 


For cach of the exa i 
a reaction whith ness selected, describe 


ng agent, and its use as an 
Et 

the effect as opas. OME you regard 

eee the “reactions. which occur 

n sells Raits of substances. 


iron aide Solution, ON seem 
i Sulphate, lumini 2 
HOn(HD oxide, om ‘i E 
9 : 
ion /oxider d explain, in terms of reduc- 
(au/oxidation, the following reactions: 
i9) Ydrogen sulphide Teacting with chlorine; 
d a named reacting with dilute sul- 
phuric iu © a named ic oxide con- 
ith potassium ctal; (d) chlorine reacting 
with Potassium odide solution; (e) a named 


j IB wit sulphate 
Solution to give With copper(T]) sulp 

State cle <= precipitate of copper. 
Stance B drin Fach 


EE. Teaction which sub- 
5 oxidized ang which is reduced. 


Give an ionic explanation where appro- 
priate. (O. and C.) 


19, State what you would see, and explain 
the reactions which occur, when an excess of 
hydrogen peroxide reacts with (i) a solution 
cf potassium iodide in dilute hydrochloric 
acid, (ji) a solution of iron(II) sulphate 
in dilute sulpluric acid, (iii) lead) sulphide. 

Describe what you would see, and state 
whether hydrogen peroxide is acting as an 
acid, oxidizing agent, or reducing agent in 
each of the following: ^ 

(v) the reaction with silver(T) oxide, 

Ag;O + H202 --> Y 
2Ag | 44H40 + Oz 
(V) the reaction with barium hydroxide 
solution, N 


Ba(OH)s + H201 —> 
OB: BaO; | + 28.0. OMB) 


11. What do you understand by the term 
reduction? 

Each of the following substances can be- 
have as a reducing agent: carbon monoxide, 
hydrogen sulphide, carbon, iron ion. 
Give one example of such behaviour for each 
substance, giving the equation and stating 
clearly what has been reduced. 

Quote and explain one _example of a 
reduction taking place during, electrolysis. 
(0) 

12. Oxidation is often defined as increase m 
the positive valency of an element due to loss 
of electrons, and reduction as the reverse of 
oxidation. Explain how this statement 
applies in the case of the following reactions: 

(a) the conversion of hydrogen ions to 

molecules; à 

(b) the conversion of iron(II) ions into 


ions; 
(c) the liberation of sulphur from hydro- 
gen sulphide; 
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(d) the conversion of sulphite ion into 
sulphate ion. 

In each case describe an experiment in 

which these reactions occur, stating. what 

reagents you use, and what you observe. (S.) 


13. What do you understand by the term 
reduction? 
Outline how you could convert (one 
method in each case): 
(a) mr ions (Fe?*) into ironQH) tons 
oho 5 a. 


(6) ammonium jons (NH,;*) into am- 


monia; 

(c) copper(I) ions (Cu**) into copper; 

(d) zinc into zinc ions (Zn**). 

Hydrogen. peroxide solution (H102) re- 
acts with acidified potassium iodide accord- 
ing to the following equation: 

H202 + H2SO. + 2KI — 
K250, + 2H;0 + Ia 

Calculate the mass of iodine liberated 
when a solution containing 13.6 grammes of 
hydrogen peroxide is added to an excess of 

otassium iodide solution acidified with 
dilute sulphuric acid. (S.) 
14. ‘By defining oxidation and reduction in 
terms of electron transfer we are able to 
bring under one heading such apparently 
diverse kinds of reaction as: (i) the combina- 
tion of magnesium with oxygen; (ii) the dis- 
placement of bromine from aqueous bromide 
by chlorine; (iii) precipitating copper from 
aqueous solutions of its salts by adding iron; 
and (iv) the electrolysis of lead(@) bromide." 

(a) By explaining these reactions in terms 
of electron transfer, illustrate the truth of the 
above statement. 

(b) Discuss briefly and with the aid of 
equations, two Teactions which you are sure 
are oxidation-reduction reactions, but which 
are not readily seen as involving electron 


transfer. (N.I) 


m : 
18 Chemical Reactions 
and Equilibrium 


ified according to certain types of phenomena 
which accompany them (see Chapter 1). They can be further subdivided into 
Classes of Teactions, each of which has its own characteristics, and a few of these 
will be Considered briefly. 


Fe(s) + S(s) => FeS(s) 


Decomposition 
his occurs wi 
usually takes Place without the necessity for the 


ces. This change 
and very often 


Second substance, 
Teaction to take Place, 


Presence of a 
the action of heat is Sufficient to cause the 


EXAMPLE |, Ji 


f calcium carbonate (for example, 
crucible to bright red heat 


t, the calcium carbonate decom i nanoren 
(lime) and carbon dioxide, 
SACO) — Cao(y) 4 CO,(g) 
Potassium ch] 


and oxygen, orate is heated Strongly it decomposes into potas- 


EXAMPLE 2, If 
sium chloride 


2KCI0,(s) => 2KCl) + 30,(g) 


BXAMPLE 1. If zinc is placed in copper(II) su] i is di 
by dhe e sulphate ce in Son Phate Solution, copper is displaced 
Zole) + CuSO,(agy _, Z0SO,(aq) 4 Cu(s) 
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EXAMPLE 2. If chlorine is bubbled into potassium bromide solution, the 
chlorine displaces bromine and a red bubble of bromine is formed. A solution 
of potassium chloride is left. 


2KBr(aq) + Cl;(g) — 2KCl(ag) + Brz) 


Double decomposition 
This name has been given to reactions in which two compounds take part, both 
are decomposed and two new substances formed by an exchange of radicals. 
Double decomposition reactions are always of the type: 
A.B -- C.D — A.D -4- C.B^ 
For example: 
Cu.SO, + H2.S — Cu.S + H53.804 

Commonly, both the original compounds used in the reaction are soluble in 
water, while, of the products formed, one (sulphuric acid) is soluble and one 
(copper(II) sulphide) is not. Usually the precipitated compound is the one which 
is wanted, for it can easily be separated and purified by filtration and washing. 
Less frequently, the important product of a double decomposition reaction is 
more volatile than the other compounds concerned and is driven off either as a 
gas or, by heating, as the vapour of a volatile liquid. For example: 


NaCl + H,SO, — NaHSO, + HCIT 
gas 


KNO, + H,SO, — KHSO, + HNO; 
volatile 
liquid 
It must be observed, however, that, from the modern point of view, many 
reactions of ‘double decomposition’, especially those occurring in solution, are ` 
regarded as taking place between compounds which are already fully ionized, 
so that no decomposition takes place. The situation is merely that, if the ions 
present in the mixture can form an insoluble combination, they will-do so, and 
the corresponding compound will precipitate. For example, if a solution con- 
taining sodium chloride (that is, the ions Na+ and Cl-) is mixed with one 
containing silver nitrate (that is, the ions Ag* and NO;-), silver chloride pre- 
cipitates. The essential change is represented in the form: 
Ag* (aq) + Cl- (aq) — AgCl(s) 
Jons Na* and'NO;- remain in solution. Such reactions of ion aggregation are 
virtually irreversible because the very low solubility of the precipitate suppresses 
any possible reverse with the dissolved ions. 


Reversible reactions 


So far, most of the reactions we have considered proceed quite definitely in à 
certain direction, and it is possible to identify substances in the reaction which 
are called reactants and other substances, the result of the reaction, which are 
called products. Now there exists a group of reactions in which the direction of 
chemical change can be easily reversed by changing the conditions under which 
the reaction is taking place. For example, when hydrated copper(I) sulphate is 
heated the blue colour of the crystals changes to the white appearance of the 
anhydrous salt. The change may be represented by the following equation: 


CuSO,.5H,0(s) — CuSO.(s) + 5H;,0(g) 
anhydrous salt 


hydrated salt 
(blue) (colourless) 
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However, 
form simply 
(this is the fa; 


blue hydrated 
sulphate may be changed to the 
eile PME us anhydrous salt and adding water to ! 

miliar test made for the presence of water). 


CuSO,(s) + 5H,0() > CuSO,.5H;O(s) 
Mere salt ü hydrated salt 
(colourless) (blue) 


i ich i verse 
It is clear that we have managed to carry out the reaction which is the rei 


z x PR wn as 
Of the one stated above, Because the reaction can be easily reversed it is kno 


i i i ation 
a reversible reaction and this is designated in a special way when the equ: 
for the reaction is Written, 


CuSO,.5H,0(8) = CuSO,(s) + 5H,0(g) 
the sign = indicatin, 
other according to 

Another 


g that the reaction may proceed in one direction or thé 
the conditions under which it is carried out. 


example of a reversible reaction is given in the following experiment. 


Experiment 41 


A reaction which goes both ways — the colour of bromine water in 
acid and alkali solutions 


takes place. Immediately after the colour chang® 
ater, and stand the beaker on add drops of 2M sulpl 


huric acid from a second 
teat pipette until the original colour is restored. 
Sodium hydroxide Solution Repeat the alternate 
slowly to the bromi 


addition of drops of alkali 
and acid several times. 
Stirring and observe the change in colour which 


ucts’ is a Confusing one in such 
» Where the ‘products? 7 
‘reactants’ of the P ts’ of the reacti 


Some kind of ‘balance’ in whi 
Products’ > 
Suppose that; moja all present simul 


olecules 
Substance B to prod at 


We and y meses can react with m poles 
: Lag ! y molecules respectively of products C and D, the 
System being homogeneous (ie, entirely liquid or entirely gaseous), 

2A + mB ex xO 4. yp 
As soon asa little of. and D is fo, 
forward reaction will Predomi; te eae rever 


pee: ; the 
S eise reaction will begin. At frs 
nate but, as C accumulate, the reve? 
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reaction will build up until an equilibrium position is reached with forward and 
reverse reactions proceeding at the same rate. The composition of the mixture 


will then appear constant, 
reactions, not a static situation. 


though it is the net 


result of the two opposing 


Although the state of affairs in such a reaction is described as an equilibrium 
situation, it is not the common idea of equilibrium normally encountered in 


everyday life. Thus, when a book is p 


laced upon.a table, it may be said to be ina 


state of equilibrium; when two children balance one another on a see-saw, they 
may be said to bein equilibrium with one another; and a ball balanced on the 
top of a long stick held in the hand of a juggler is also in an equilibrium state. 
But chemical reactions in equilibrium are quite different from all of these ex- 


amples. Since chemical € 
which are proceeding at t 
dynamic equilibrium — that is, 
change of particles in motion. 


Whereas in the case of the book, 


quilibrium involves the balancing of two reactions 
he same time in opposite directions it is said to be a 
it is an equilibrium involving the constant inter- 


the children, and the ball it is possible to 
observe the fact that they are all in equilibrium, it is difficult to do;so in the case 


of chemical reactions for we cannot see the individual particles involved. How- 


ever, it is possible to ‘label’ some of the particles taking part inachemical reaction 
by making them radioactive, and by following the reaction with a Geiger-Müller 
counter the dynamic nature of the equilibrium can. be demonstrated, This is 
achieved by the following experiment, in w hich the reaction under investigation 
is the dissolving of lead(1I) chloride in water. 

PbCI,(s) = Pb? (uq) H 2CI- (ag) 


Apel I eee A lt 


Experiment 42 
Dynamic equi 


librium of lead(tl) chloride in water 


The arrangement for this experimentis illustrated 
in Figure 85. The experiment is carried out in 
three parts. 

(a) Prepare a saturated solution of tead(1!) 
chloride by adding 2M hydrochloric acid drop 
by drop to a 10 cm? 0.2M lead (II) nitrate solu- 
tion. When precipitation is complete, filter (or 
centrifuge) off the solid lead(il) chloride, and 


Geiger - Muller tube 
{liquid-type) 


Ex 


Figure 85 


transfor the filtrate to the Geiger-Müller tube 
(specially designed to accept liquids), and 
take the reading on the Scaler over a period of 
five minutes. Work out the number of counts per 
minute; this is known as the ‘background’ 
count. 

(b) Prepare a. sample of solid lead (1I) chloride 
containing radioactive lead by the following 
method. To 10 cm? of 0.1M thorium nitrate 
solution in a beaker, add 5 cm? 0.2M lead 
nitrate solution, and then add 2M hydrochloric 
acid drop by drop until precipitation is complete. 
The solid, which contains radioactive lead ions, 
should be filtered. 

(c) Take two spatula measures oi the radio- 
active lead (1l) chloride from (5) end add it to the 
saturated. solution of lead(Il) chloride in (a), 
which has been removed from the Geiger— 
Miller tube and placed in a becker. Stir the 
contents of the beaker for approximately fifteen 
minutes with a glass rod. After this period of 
time, filter off the solid, and transfer the filtrate 

(which should be perfectly clear) to the Geiger— 
Müller tube. Take the reading on the Scaler over 


a period of five minutes and work out the counis 


per minute. 
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The count rate in the second measurement will be found to be several Lapis 
greater than the ‘background? count. Can we explain this fact? The reactio 
are investigating is the equilibrium 


PbCL(s) = Pb?*(aq) + 2Cl-(aq) 
hloride is in 


other radioactive lead ions had entered the 
Solution. However, we know that before the solid radioactive lead(IT) chloride 
Was added the solution was already saturated with respect to lead ions; that is, 
it could not Possibly dissolve any more Pb?+ 
One then it would be impossi 


ly becomes radioactive, then the dynamic nature of chemical 
equilibrium is demonstrated, 


Considera! 


© contribution can ve made by 
a rule known as Le Chatelier’s Principle. It is i 
and chemical 


If a chemical system is in equilibrium and one of the factors involved in the 
equilibrium is altered, the equilibrium will shift so as to tend to annul the effect 
of the change. 


» aud the effect of changing these fact 
equilibrium is discussed, 


e, hydrogen and iodine 
'ersible reaction as follows: 


Teaction (f. i "bd ied 
by the evolution of heat (it is eee ex ydrogen iodide) is accompani 


hich aby d an exothermic reaction, as distinct from 
ilibrium 5. i ch absorbs heat. i uu 
equilibrium is established for i mien Thus when chemi 
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balance of the reaction is momentarily disturbed, and Le Chatelier’s Princiggle 
requires the reaction to respond to oppose this change, that is to /ower the tempetp- 
ture. This can be achieved if the back reaction (the formation of hydrogen ani 
iodine), whichis endothermic, isallowed to predominateover the forward reaction, 
which i$ exothermic; in such a case the position of balance of the reaction is 
disturbed, and we say that the position of equilibrium has been shifted from 
right to left, This is equivalent to saying that the new equilibrium mixture will 
have less hydrogen iodide and more hydrogen and iodine than the ‘original’ 
equilibrium mixture. Hence we may summarize the effect of temperature on a 
chemical equilibrium as follows. 


Forward reaction Change in Effect on position of equilibrium 
(left to right) temperature 
increase new equilibrium has more of substances on left 


{reactants in forward reaction) 
EXOTHERMIC 


decrease new equilibrium has more of substances on right - 
(products in forward reaction) 


increase new equilibrium has more of substances on right 
(products in forward reaction) 

i 

decrease new equilibrium has more of substances on left 
(reactants in forward reaction) 


plese a RC a CREME, EL AE E 


A commo example of the effect of temperature on the position of equilibrium 
is the equilibrium between water end steam. 


H,0()  H;O() 


Here the forward reaction is accompanied by an absorption of heat, ie., it is an 
endothermic reaction. Thus if the temperature of the system is raised this will 
tend to produce more steam (equilibrium position moves to the right), whereas 
if the temperature is lowered more water will be formed (equilibrium position 
moves to the left) and the steam condenses. Notice that the condensation of 
steam is an exothermic process: which is why a steam scald is usually worse than 
one caused by water. 


ENDOTHERMIC 


The effect of pressure change on the position of equilibrium 


The effects of pressure changes are much more noticeable in reactions occurring 
in the gaseous state than those occurring between solids and liquids, since the 
volumes of solids and liquids are very little affected by even quite large changes in 
pressure. ` 

Consider the gas phase reaction involving the decomposition of dinitrogen 
tetroxide into nitrogen dioxide. 

N2048) = 2NO;(g) 

Under any given set of conditions there will be present a mixture of the two 
compounds in a definite proportion. If all the factors involved in such an 


equilibrium are maintained, with the exception that the pressure upon the mix- 
ture of, gases is altered, then the position of equilibrium will correspondingly 
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change. This happens because, when the total pressure is increased, Le Chatelier’ : 
— Principle demands that the equilibrium position of the reaction should chang 
in order to restore the balance, and this cap takepiace in the above reaction bya 
` decrease in volume (since the total capacity of the reaction vessel is fred 
decrease in the volume of the gases is equivalent to a decrease in pressure), In 
the case of the reaction under consideration, increase in total pressure woul 
result in the appearance of a greater proportion of N,Q, in the caulibus 
mixture, In practice this is found to be so, for at relatively high APA 
sample of N;O, is a very pale colour, indicating a high. proportion of wen 
present (which is colourless), whereas at relatively low pressures the colour of 


sample is a dark brown, indicating that there is a high proportion of NO; 
present. 


The effect of a change in pressure on an equilibrium reaction may be sum- 
marized as follows. 


Type of reactic Effect of increase in total. | Effect of decrease in total 
ype 'eaction pressure pressure 


Increase in FARE 3 | Position of equilibrium moves. Position of equilibrium moves 
: right tothe left to the right 
molecules eR 2 aue 8-9., more Os in equilibrium | e.g, more O; in equilibrium 
2.9. 205(g) = 302(9) Tome e 


Decrease in number of Position of equilibrium 


j4 z Position of equilibrium 

molecules teft to right Moves to tho right moves to tha left 

e.g.. Nala) +. 3Ha(9)= €.9., more NH, in equili- e.g., more N; and Hz in 
2NHs(g) 1 brium mixture equilibrium mixture 


p 


—| 


No change In number of '|- 


No effect . 
molecules, loft to right a No effect 
Position of eauilitri iti ibri 
Mg. H i} = J ium 
e.g.. H2(g) + lag) EDU Position of equilibrium 


mainiained 


those reactions in whi 
result of the reaction, 


If the concentration of one or the 
is changed without ailing fiy rans Present in a, 
Principle, the position 


UA. Other corditigns vr. ateliers 
of eq f ‘CitOus teh» by Le Chatelie! 
the added substance, Thu muse o y 


Teactio; crease the concentration O 
NAD + oj 
ined i 2(g) 
contained in a reaction yésse) RA 2NO(g) 
into the vessel the positi Biven 


tem p ped 
a S Ositi ss perature, ife; =n was pump 
| there would be a greater pron, equilibrium © Wextra oxygen was p 


se ‘ i Would move frog left. to right bes 
a similar way if a substance FN of NO in the new equilibrium mixture. y 
~eotne means, then the egg: ng part in à chemical equilibrium is removed 5 
substance; this is pain in a Position ill change to piace more of D 
The following experiment sic In68 rats ie Chatelier's Principle 
effect. 
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Experiment 43 


Reaction of water with bismuth(lii) chloride 


Arrange a test-tube rack with five empty drops of concentrated hydrochloric acid to 


test-tubes placed in it. Into the first tube place. the second test-tube, ten to the third, fifteen to 
@ spatula measure of. bismuth(llI).; chloride: the fourth, and twenty to the fifth. 
and dissolve it in a small volume (about 2.cm3) Using a different teat pipette add five drops 


of concentrated hydrochloric acid. 


of the bismuth(Iil) chloride solution (in the 


Fill each of the remaining test-tubes approxi- . first test-tube) to each of the other tubes. 
mately two-thirds full of distilled water, and Compare the different appearances of tho 
then add carefully, using a teat pipette, five white precipitate in each of the tubes. 


| 


— — t 


The reaction under investigation in this experiment is the equilibrium: 
1 BiCl;(ag) + H50() == BiOCK(s) +- 2HCl(ag) 


The turbidity of the solution, due to the white precipitate, occurs because of the 
formation of BiOCI, bismuth oxychloride. It is therefore to be expected from 
Le Chatelier’s Principle that the greatest turbidity will occur in that test-tube 
with the lowest concentration of HCI; since addition of hydrochloric acid will 
drive the position of equilibrium from the right to the left. Compare this con- 
clüsion with that obtained from Experiment 43. d 

A further example of the effect of change in concentration of substances 
on position of equilibrium can be seen in the reaction between iron and steam. 

This reaction is usually performed by boiling water in a flask and passing 
steam over iron filings in an iron tube at bright red heat. It produces hydrogen 
and tri-iron tetroxide and the reaction is reversible. 


3Fe(s) + 4H20(g) = Fe3O4(s) + 4H.;(gY 


In the conditions stated above, the reaction goes almost to completion from 
left to right in the sense that the iron can be converted almost entirely to the 
oxide. This is so because incoming steam maintains its concentration at a high 
level (forcing the reaction. from left to right) while hydrogen is swept out of the 
reaction tube and its concentration continually tends towards zero (keeping the 
Teverse action slight). 

If a ourrent of hydrogen is passed over red-hot triferric tetroxide, the conditions 
are reversed and the oxide can be almost completely reduced to iron. 

If the iron tube is sealed, an equilibrium will ultimately be set up with all 
four materials present and the forward and reverse reactions maintaining the 
equilibrium. The composition of the mixture at equilibrium is determined 


umn position of reaction 


Change hs; concentration of substance 


proportion of C and D 'increased 
Ja, equilibrium shifts to right 
t oortior of C and D decreased 
tuum shifts to jeít. 
Increase in concentration of-C or D proposta of A and B increased 
ie, rinbnum shifts to left 
Decrease in Sencentration, of Cor D psup at A and B decreased 
e t tum shifts to right 


Increase in cencentretion of A b E 


Decrease iii concentration of A or B 
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he 
^ influence on 4 
mainly by the temperature employed. Pressure Mou teptinde of gasto 
uilibrium position because there is no change in the n E. 
meleci present as a result of the reaction. ngesti COTE ntratio 
The table on page 187 summarizes the effect of c Ue action, represen 
Substances on the position of equilibrium in a chemical re: 


A--LBSGCD 


ibrium 
S uilibriu 
Some important industrial applications of chemical eq 


Jtet 
The ability to change the 


ieved in 
industrial reactions, the H 


Contact Process for the 


4 
(1) Synthesis of ammo; 


nia by the Haber Process ! 
Haber's Process uses the reaction: 


N:(8) + 3H, (g) = 2NH,(g) 


1 vol, 3 vol. 2vol. at constant t. and P of 
The reaction (from left to right) is exothermic, i;e., liberates me ri educi 
Effect of Pressure. Ammonia is produced from its elements wi ssure I toa 
volume, efore, if the system is in equilibrium and the Ps t 
raised, the equilibrium trust shift so as to tend to lower the prenon Ur 
lier's Principle). To do this, the volume must be reduced by produ mE 
ammonia. That is, high pressure favours production of ammonia. lements "on 
Effect of temperature. The formation of ammonia from its € 
exothermic change. If the Syste 
lowered, th ilibri 


ature ig 
is in equilibrium and the temper ture wi of 
~~ equilibrium must shi SO as to tend to raise the tempor? 
(Le Chateliers Principle). That i 
more ammoni 


top, 
roduc™ ia. 
t is, ov a> heat must be liberated P oon. mon 
d at is, low tem, e produ ary 
But lowering of temperature perature favours th p 
introduce 


ion, so it is NEC” colo" 
Teduces the rate of reaction, 

a catalyst which will pi 

tively low tem 


ite of a a 
: in spite i 
Ele a sufficient reaction rate in SP v 
Perature, ; 

Effect of concentration, yf the s 
then added: to in i 


n 
OE? pe 
nu 
E Ore P ires s 
Ystem is in equilibrium and Bole red Tt i 
Eun E I Concentration. Le Chatelier's Pri: jon. ^. 4g 0 
equilibrium to shift so as to lend to reduce the nitrogen concentrati En yid 
more ammonia will Produced to use Up nitrogen. This increas! 
ammonia relative to hydrogen x 
increased. However ; 


0) 
> and vice versa if the hydrogen € 
ia]. 2! Practice, t i 
of either Material; th » the 


Tessure (200-500 atm) 

ure about 450 °C ally 
ron ely divided reduced iron, usu 
Promoted’ by alumina 
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Hydrogen is manufactured from partial combustion of hydrocarbons, and 
nitrogen from the air. They are mixed in the required 3:1 proportion by 
volume and dried (e.g., by silica gel). They are pre-heated by gases leaving the 
> catalyst chamber and are then passed over the catalyst at 450 °C. The ammonia 
produced is absorbed in water or liquefied by refrigeration and the unused 


gases are recirculated. 


(2) Sulphuric acid by the Contact Process 4 
"The first step in the production of sulphuric acid is the conversion of suipfiur 
dioxide to sulphur trioxide according to the reaction 

280,(g) + O2(g) = 2S03(8) 


which is an exothermic one (from left to right). : t 
Effect of pressurc. Pressure changes are significant only in reactions concerning 
gases, vecause liquids and solids are almost incompressible. Take the Contact 
Process reaction; suppose tuat, in a system in equilibrium in the gaseous state, 
o other change). Le Chatelier’s Principle requires 


Pressure is increased (with n: g X 
the system to react to oppose the change, i.e., to reduce the pressure towards its 


former value. Since 2 molecules of suiphur dioxide and molecule of oxygen 
produce 2 molecules of sulphur trioxide, a total 3 volumes of sulphur dioxide 
and oxygen are converted to 2 volumes of sulphur trioxide (by Avogadro’s Law). 
That is, the system must convert more sulphur dioxide and oxygen to sulphur 
trioxide to reduce pressure by reducing volume. In general, if a given (entirely 
gaseous) reaction proceeds with a reduction in the number of molecules present, 
it is favoured by high pressure. (Conversely, gaseous reactions involving increase 
in the number of r-olecules present are favoured by low pressure.) In practice, 
the Contact Process can reach a satisfactory 98% yield of sulphur trioxide 
(calculated on the SO, used) without recourse to pressure above atmospheric. 

Effect of temperature change. Suppose the temperature of the reacting system 
to be lowered (with no other change). Le Chatelier's Principle: requires the 
system to react so as to Oppose this change, i.e., to raise the temperature again. 
"o do this, heat must be liberated by causing more sulphur trioxide to be pro- 
duced, i.e., lower temperature is favourable to production of sulphur trioxide. At 
once the difficulty arises that lowering of temperature reduces the rate of 
reaction so increasing the time required for the production of sulphur trioxide. 
For this reason a catalyst must be introduced, e.g., vanadium pentoxide V305, 
which increases the rate of reaction and makes it viable at a relatively low tem- 
perature (450 *C) which is favourable to the production of sulphur trioxide, In 
general, low temperature gives an equilibrium favourable to an exothermic 
reaction but catalysis is needed to give a favourable reaction rate. 

Concentration of reectants. Suppose that, in the Contact Process reaction, 
equilibrium has been reached in certain conditions and then the concentration 
of oxygen is raised (relative to sulphur dioxide). Le Chatelier's Principle requires 
the system to react to oppose this change, i.e., to reduce the oxygen concentration 
towards its former level. This can only be done by combining it with sulphur 
dioxide to form sulphur trioxide, ie. increased concentration of oxygen 
favours conversion of more sulphur dioxide to trioxide. (Correspondingly, 
increased concentration of sulphur dioxide favours conversion of more oxygen 
to sulphur trioxide.) In practice, the sulphur dioxide and air mixture used con- 
tains about three times as much oxygen as is theoretically required for the sulphur 
dioxide content. (Use of more air renders the product too dilute in sulphur 
trioxide.) 

"The sulphur trioxide is removed from the equilibrium mixture by dissolving it 


4m her 
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à Rl e iluted to 
in fairly concentrated sulphuric acid, forming “cisim, which is then ae 
produce sulphuric acid of the required concentration (see page 411). 


Thermsi dissociation 


d. : » Biter ~wanticgtion 
A thermal dissaciation is a reversible reaction brought about by the appear d 
of heat. Examples are the thermal dissociations of ammonium chloride ane 
dinitrogen tetroxide. 


NH,Ci(s} = NH,(g) + HCl(g) 
N20.) = ZNO;(g) 


9e a 


LUC «pour density 


is about 23, 
At intermediate 
equilibrium and give 
ges colour from pale 
ure rises, and reverses 


ve molecular mass 46). 


"ERE Qe molecules are in 
ED » ihe gas also chan 

yellow through reddish-brown to almost à 
the colours with cooling, black as temperat 


B eon rn i ae atmosphere pressure, If an equilibrium position 
ui pressure and then the pressure is increased, 

Fequires, both is change, LS 

2 they can do ! cing 

ces the numbe y do by redui 


reduced pressure increases 
Thermal decomposition is 4 name pi 
heat without any recombination on coring the break-up ofa compound by 
Questions Tis x or 
fine. reversible reaction, thermal de x y 
T pd and thermal dissociation, Deque 3- Chemical feactions cani be classified int? 
Any experitnent: You Dave sten to\idemon- and the ie: Study the following reactions 
ie therm: H Í asy Cate to whic ni 
on mc ne MITES 
D) metsionium nitrate are heated) Vs dies Acid ts iive a o to hydrochloric 
(d) ammonium n h of the above In each [G to Silver Titrate sohition. A 
cedon Moe Wr Jou Sett s eget of woman ann 8 
(J.M.B) Bes. Pus i de SES chine on iron(D) 
in what is meant by £D a reversible 4. Write pon. [Sy 
Factor, Soc melee Sate Ese nach ofc 
ti 10) 
emer Chon yeh ee |e etl ato S ake Si d 
2 x the 5 (a) the 'OCES8; 
y pc ei 
meat of formation dis ption or dentites. Give three rumpi * reversible reaction"? 
tion D the substance is necessary.) (AEB) sou E 


y ne describe 
Teaction Perl Show experimentall 


manufactured by the 


6. Sulphuric acid is 
makes use of the 


Contact Process which 

equilibrium reaction — 
280, + Ok = 2805 

Heat is given out in the formation of sulphur 

trioxide. 

State what effect there would be on the 
equilibrium concentration of sulphur tri- 
ance if (i) the pressure were increased, 
ii) the temperature were raised. 

m actual conditions used in the process 
Hs somewhat, but a rough average appears 
to be (a) an excess of air, (b) à temperature 
of about 450°C, <-) a pressure slightly in 
mces of one atmosphere, and (d) a catalyst, 
Explain why each of the conditions (@) to (d) 
J$ necess 4 : 

Sulphur trioxide reacts with water to give 
Sulphuric acid. 

SO, + H10 -> HSO, ( 
What is the disadvantage of terminating the 
Process in this way and how are the final 
Stages accomplished in industry? J-M.B.) 


7. Give a different equation in each case to 

illustrate the BE types of reaction: 

(a) thermal decomposition, (b) catalytic 
mposition. Name a catalyst. which 

could be used in. (b). GMB.) 

8. "The equation for the reaction by which 

ammonia is manuf: is t 


(a) What would be the effect on the equi- 
librium concentration 
creasing. the pressure, 
nitrogen concentration ? 


ateofbed when ammonia is formed? (c) Why 
is a catalyst used in this reaction? (J.M.B.) 


9. A good draught is essetitial for'a satis- 
factory yield of calcium oxide from calcium. 
carbonate ina lime-kiln. Explain yhy this 
is so, (O,,(part).) - 
10. (a) The equation for the dissociation of 
calcium carbonate is 
CaCO; CaO + CO; 

im +179 kJ mol-* (heat taken in)... 
of VCI be the effect on thé proportion 

ium carbonate ia thé equilibrium 
Gi) Reef @ increasing the temperature, 
Would bendi Desa ung ale, 
Oxid: > in; T 
scale? from calcium carbonate on a large 


le 
©) At 4002 
iodine. C; the three gases, hydrogen. 
equilibring: ydrogen iodide exist together in, 
+ The equation for the reactions is 


Ha +1, = 2HI 
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What effect will an increase in pressure 
have on (i) the rate of reaction of hydrogen 
with iodine and (ii) the position of eaui- 
dbrium? Name the product formed when 
hydrogen iodide is dissolved in water and 
describe what would bappen if chlorine were 
"passed into the solution. Œ.) 


11. The reaction represented by the follow- 
ing equation is said to be reversible: 


Ag*(aq) + Fe?+(aq) = Ag(s) + Fe**(aq) 


This question is concerned with the experi- 
ments which might be carried out tò decide 
whether this reaction really is reversible. 

G) What. chemicals would you mix to 
make the reaction take place from left 
to right, and what would you expect 
to observe if they do react? 

Outline briefly any further tests and 
observations which could be made on 
the reaction mixture to decide whether 
reaction had taken place, at least 
n from left to right. 
What chemicals would you mix to 
make-the reaction take place from 
right to left, and what would you 
expect to observe if they do react? 
(iy) Outline briefly any further tests and 
observations which could be made on 
this second reaction mixture to decide 
whether reaction had taken place, at 
least partly, from right to left. (L.) 


42. The reaction 
3Fe + 4H;0 = Fe;04 + 4Ha 

js reversible in conditions in waich iron and 
its oxide are solid and the other reagents 
gascous. Describe and explain what occurs 
(a) if hydrogen is passed over red-hot tri-iron 
tetroxide in an open tube, (b) if steam is 
passed over red-hot iron án an open tube. If 
an equilibrium system exists among all these 
four reagents in a closed vessel at red heat, 
what will be the (qualitative) effect, if any, 
on the equilibrium of (c) adding more of the 
oxide of iron. (d) doubling the total pressure, 
(e) doubling the partial pressure of hydrogen, 
temperature being constant throughout? 
Briefly explain your reasoning in each case. 


13. The reaction Na+ Oa &* ZNO is re 
sersible and (from left to right) endothermic, 
all reagents being gaseous. Explain the term 
endothermic reaction. If the above system is 
in equilibrium (at a temperature which 
allows quite rapid reaction), what, if any, 
will’ be agi Y del 
a) doublin| total pressure, € mul 

Ned of lowering 


Gi) 


iD 


the 
ti türe slighty? Explain briefly why 
bis rea hs sed industrially) was 
What alternative was, &' 


„nable? 
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Pate of change in chemica! reactions 


We are already familiar with th 
longer time to complete than others. Indeed, in Chapter 18 we saw that some 
chemical Teactions never go t 


equilibrium, position. 
on (the precipitation of 


c, and therefore if we wish to measure the rate of a 
ust choose some property of the reaction which will 
changed, and observe the way in which the 
es with time. It is advantageous to choose @ 
can be observed without disturbing the 
5 is done whenever possible- ; in a reaction where 
à colourless substance is chengiato akaoa ome ike rate at which the 
intensity of the-colour increases would give the iate of reaction. In a solar 
Y, lor a reaction in which a gas is liberated from solution, it may be Possible 
to collect the gas and measure the way in which the yolume of gas increases with 
time, in order to obtain the rate of reaction, The experiments contained in this 
chapter illustrate a variety of methods for measuring the rates of chemical 
reactions, and also illustrate the effects which: various factors have on those 
Fates. Among the factors to be considered are the surface area of the reactants, 
the concentration of the reactants, the temperature of the reaction mixture, the 


Pressure of the reactants (for gases), the effect of light, and the addition of a 
catalyst. 


he particles are, 


other factors) on + 
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the more often we should expect them to bump into one another. Thus conceatra- 


reaction; The following experiment is designed to investigate this. 


| 
| tion changes might reasonably be expected to lead to changes in the rate of 


Experiment 44 


To investigate the effect of concentration on the rate of reaction 


The reaction to be studied is that between 
dilute hydrochloric acid and sodium thiosul- 
phate solution to produce 8 precipitete of 
sulphur. Since this reaction produces a precipi- 
tato from two colourless solutions, the intensity 
of the precipitate-at any given moment in time 
represents the extent of the reaction. The way 


beaker 


white paper or card 


or note the time on a watch with a second hand. 
Swirl the beaker carefully a Couple of times and 
place it on a white card with a cross drawn on it. 
Observe the cross by looking down through the 
solution from above the beaker and stop the 
clock (or take the time) the moment the cross is 
no longer visible (Figure 86). 


cross no 
longer visible 


start of reaction 


after a short time 


Figure 86 


in which. the intensity of the precipitate is 
measured is by carrying out the entire reaction 
in a beaker, and by placing the beaker and its 
contents on a white piece of paper with a cross 
marked on it. The time for the disappearance of 
the cross when the contents of the beaker are 
viewed from above will give a measure of the 
time taken for a certain fraction of the reaction 
to occur (see Figure 86). 

Place 50 zm? of sodium thiosulphate solution 
(containing 40 g dm-? of the compound) in a 
100 cm? beaker. Add 5 cm? 2M hydrochloric 
acid and at the same time start a stopclock, 


The concentration of the thiosulphate solution 
may be varied by taking 40, 30, 20, and 10 cm? 
of original thiosulphate solution and making the 
total volume up to 50 cm? each time. (This is to 
ensure the same depth of solution in the beaker 
for each reaction, so that the time of disappear- 
ance of the cross is made at the same stage in 
each of the reactions.) 

Draw up a table showing the way In which 
the time taken for tho cross to disappear varies 
with the concentration of the thiosulphate 
solution. 


You will notice from your table of 


results that as the concentration of the 


thiosulphate solution increases the time taken for the disappearance of the cross 
decreases. Now the rate of the reaction is inversely proportional to the time 
taken (a fast reaction takes a short time, but à slow reaction takes a long time), 
and therefore we may conclude that as the concentration of the sodium thiosul- 
phate solution is increased, so the rate of reaction increase 

tion, based on the 


This conclusion seems to bear 


kinetic theory. If the reagents involved in à 


— centrations increased in a homogeneous mixture, more frequent molecular 
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collisions will occur and the reaction rate will be thereby increased: A simple or 
Of this occurs when addition of some concentrated acid increases the ra: 


Molecular collisions. Reactions in the liqui 
Gy Srsssure tause liquids and Solids 


Experiment 45 


9 investigate tho effect of temperature on the rate of reaction 


We shall investigate 1 
the reaction bet 


When the cross is 


ished a Convenient method of measuring Repeat the experiment several times, such 
the rato of this reaction in Experiment 44, that measurements 
easure out 1 i 


0 em? of sodium thiosulphate 


over the range 20 °C tò 60 °C, 
| (concentration 40 g dm-?) into a 100 Construct a table illustrating the way in 
om? beaker. Add 40 cm? water and warm the — which ‘the time for disappearance of the cross 
Solution ‘Gently by placing the beaker on top of a varies with’ the 
gauze (supported on a trij 


hyde 


the temperature of the mixture, Stop the clock 
ween sodium thiosulphate no longer visible (see Figure 
'ochloric. &cid, since we have B6). 


aimtltaneously Starting t 


ers aa ucing both more frequent 
wana mo aae ous: For example; a of hydro, n 
i : I by volume) PD "unc indefinitely at otdinary, ird rd but 
| the introduction of g local source of high tem -8., 8n electric: spark 
Starts an explosive combination or ieee so vie a 


The effect of light on the Fate of reaction 
ight is à source of energy and can influence the rate of so; i i 
t TE me chemical reactions 
considerably by energizing some of the molecules involved, For example, the 
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reaction between chlorine and hydrogen at ordinary pressure is negligible in 
darkness, slow in daylight, but explosive in sunlight (at room temperature). 
This is thought to be due to the production of chlorine atoms from the chlorine 


molecule, the energy for which comes fro: 


m the incident light: 


Chg) — Ch(g) + Che) 
after which the chlorine atoms (or ‘free radicals’ as they are often called), being 


Very reactive, 
reaction, The 
light, and occurs by a simu 


i also vital ta the photosynthetic productrom ws 


wa I 
AABN GS aoo 


carbon dioxide and water (page 236) 

One of the commonest examples of th 
reáction-is- in photography. Many solid: 
halides are among the most sensitive. 


Simple experiment. 


combine rapidly with the hydrogen:molecule in a so-called chain 
combination of methane and chlorine is similarly affected by 
2 qilar mechanism. 


e 


‘steroh by plants from. 


f the effect of light on the rate of a chemical 


ds are sensitive to light but the silver 


This may be demonstrated by the following 


re err nara 


Experiment 46 


To investigate the effect of light on 


bromide 


To approximately 20 cm? potassium bromide 
Solution in a large test-tube add a few cm* 
Of silver nitrate solution. An immediate pre- 
Cipitate of silver bromide will be formed. Quickly 
divide the precipitate into three parts, and put 
them into three separate test-tubes. Put one 


the decomposition of siiver. 


of the test-tubes immediately into a dark 
cupboard, the second may be left out on the 
bench, and the third may be placed near a 
source of strong fight (e.g. in direct sunshine, 
or:near to 3 lamp). Examine the colour of the 
precipitates st fairly regular intervals... 


The change in colour of the precipitate from pale yellow to grey is due to the 


formation of metallic silver by intera 


ction with the light. Thus the appearance of 


the test-tube placed in the dark cupboard remains virtually unchanged! Whereas 


the test-tubes placed in the lig! 
of the light falling upon them. 


The effect of surfa 
The reactions studied 


reactions, which means that all the 


in the same phase, 
Silver bromide, in the solid state: 
classified as heterogeneous, becaus 


An example of a heterogeneous reaction is that between 


hydrochloric acid solution, 


ht change to a degree dependent upon the intensity 


ce area of reactants on the rate of reaction 


so far in this chapter have been so-called homogeneous 
reactants-in any given reaction are present 
either all in solution, all in the gas phase, or, in the case of 
There are, however, many reactions which are 
e all the reactants are not in the same phase, 


solid zinc and dilute 


Zn(s) + 2HClag) — ZnCl;(aa) + Hale) 


and another would be that between niagnesium and oxygen W. 


burns in air. 


hen the metal 


2Mg(s) + Ox(g) — 2MgO%s) 


When the reaction is a heterogeneous 
rate of the reaction. For example, al 


one, then particle size may intluence the 
luminium foil reacts moderately with 
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bench sodium hydroxide solution when warmed but powdered aluminium rests 
rapidly from cold and will usually froth out of the test-tube spontaneously. 


2Al(s) + 2NaOH(aq) + 6H,0() — 2NaAI(OH),(ag) + 3H;(g) 


This occurs because, for a given mass of metal, powder offers a much aS 
area to the reacting liquid than does foil. At the limit, subdivision to actual 
atoms or molecules (such as occurs in solution) offers maximum opportunity 


for reaction. 


SS ETS 


Experiment 47 


To investigate the effect of surface area on the rate of reaction 


The heterogeneous reaction chosen is that 
between dilute hydrechiorin seid eri marly, 
to liberate carbon dioxide. 

CaCOs(s) + 2HCl(aq) 

=> CaCis(aq).-4- COs(g) + HsO(l) 

Since carbon dioxide is evolved during the 
course of this reaction the reaction flask con- 
, taining the marble chips and hydrochloric acid 
' Solution will decrease in mass with time, it is 
the rats of decrease in mass of the flask and 
its contents which may be taken as the rate 
of the reaction. For this experiment it would 
therefore be desirable to have a direct-reading 
top-pan balance available, but this is not 
essential provided that weighings can be 
taken quickly. 


Place 40 cm? 2M hydrochloric acid in @ 
1GU cm? conical flask. To tho conical flask add 
20 g marble chips and quickly Insert a loose 
plug of cotton wool in tho neck of tho flask. 
Weigh the flask and its contents and continue 
io take readings every half-minute for approxi- 
mately quarter of an hour. The purpose of tho 
cotton wool plug is to prevent the escaping car- 
bon dioxide gas from carrying acid spray out of 
the neck cf the flask, so damaging the balance. 
Construct a table giving the mass of the flask 
and contents at each half-minute interval. 

The experiment should be repeated with 
20 g of marble chips which have been crushed 
into much smaller pieces, so increasing tho 
surface area for reaction. 


me un ET earn bonn Hl qn ER 


The results of the two expe: 
plottin; 


n the same 
igure 87. It 


riments may most conveniently be interpreted by 
B @ graph of mass of flask and contents against time, giving the results of 
graph. The appearance of the graph should be 
can be clearly seen that the smaller the pieces of 


the rate of i i i ter 
surface area of marb of reaction, which can be attributed to the grea 


mass of flask and contents 


le for attack by the acid in the 
curves A and B level off at the same point? 


case of the smaller pieces. 
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The effect of a catalyst on the rate of reaction 


Catalysis is said to occur when the rate of a chemical reaction is altered by an 
agent (the catalyst) which is left unchanged in amount and in chemical nature at 
the end of the reaction. 

A catalyst usually increases the rate of a reaction and this is called positive 
catalysis. It is found that, in a reversible reaction, a given catalyst influences the 
rate of the forward and reverse reactions equally. It has no influence on the 
actual equilibrium position which is reached; it only enables the equilibrium to 
be attained more rapidly. 

Definition. A catalyst is a substance which, although often present in smalf 
proportions, alters the rate of a chemical reaction, but remains chemically’ 
unchanged at the end of the reaction. 


A catalyst may change its physical nature during a reaction, e.g., coarsely 
powdered manganese dioxide may become fine powder (in the first example 
below) but it must be left chemically unchanged at the end of the reaction. 

In general, a catalyst will function even though it is present in only minute 
proportion, e.g., the rate of decomposition of hydrogen peroxide is measurably 
increased by the introduction of one ten-millionth of its mass of finely divided 


platinum. 

Examples of catalysts for some common reactions are given in the following 
table. 
LL 

Reection Catalyst 

1. Heating of potassium chlorate Manganese(IV) oxide MnO, 
2KCIO3(s) —> 2KCl(s) + 302(¢) 

2. Synthesis of sulphur trioxide Vanadium(V) oxide V;O, 
2S0.(g) + 02(g) = 2S03(9) or platinum (powder) 

3. Synthesis of ammonia Reduced iron (powder) 

| Na(g) + 3H.(9) = 2NHs(g) 

4. Decomposition of hydrogen Manganese(IV) oxide MnO, 

peroxide or platinum powder 


2H,0,(aq) —> 2H20(1) + O2(9) 
pent S ORC E Le MP Cre 7 INIT RN 
The following experiment illustrates the first of the catalysed reactions in the 
table above, the thermal decomposition of potassium chlorate which is catalysed 
by manganese(IV) oxide. 

RENNES 

Experiment 48 
The catalytic effect b 
decomposition of potassi 


of manganese(1V) oxide on the thermal 
ium chlorate 


The reaction under investigation is represented Mix a little manganese(IV) oxide with about 
four times its bulk of potassium chlorate and 


by the equation HR 
place in an ignition tube. | 
2KCIO; (s) — 2KCl(9) + 30síg) . Other tubes put an poc aid d [e n 
end evidence that the reaction is proceeding ^ manganese(IV) oxide and potassium chlorate 
can be obtained by inserting à glowing splint respectively. Surround each with sand on a 
into the reaction vessel to test for the oxygen. sand tray so that they are close together and 
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vertical. (See Figure 88.) Start to heat and test 
at intervals for oxygen by lowering a glowing 
splint into each test-tube. After about one 


minute oxygen is freely evolved | from the 
mixture, with no signs of gas from either of the 
other tubes. 


Potassium 
chlorate 
manganese(IV) 
oxide 


Figure 88 3 


x Imorder to be quite certain that the oxygen was coming from the chlorate and 
not merely from the manganese(IV) oxide, it would be necessary to show that 

\ «the mass of manganese(IV) oxide was the same after the experiment as before it. 
This could-be done by dissolving the chlorate and chloride of potassium in water 


and recovering the manganese(I V) oxide by filtering, washing with water, and 
drying in an oven. - 


An inhibitor decreases the rate of a chemical reaction, and this is occasionally 
used to Suppress an unwanted reaction (e.g. 2% ethanol in trichloromethane 
acts as an inhibitor for the oxidation of the trichloromethane to poisonous 
products by the air), Inhibitors are used less frequently than catalysts. 

One of the Outstanding features of catalysts is their specificity, and this makes 


^ hoted. true that some substances will catalyse more than 
one reaction, but it.is not the case that Catalysts can be interchanged between 
reactions at will, 


The specific nature of catalysts is even more evident for catal. 


5; they are known as enzymes. An enzyme will, as a r 
One specific reaction and ev 


sts in biological 


ule, catalyse only 
en then only within a very small temperature range. 
Most enzymes function most efficiently between 35 °C and 45 °C for biological 
Processes in animals, and around 25 °C for processes i i 


Summary of factors affecting the rate of reaction 


The yate of a cherita? reacti 


$ on may, 
Ing factors: 


in general, be increased by any of the follow- 


(@ an increase in the temperature-of the system; 
(6) an increase in the concentrati: 


EN, € surface area of the reactants (for heterogeneous reac- 
(©) an increase in the total Bea 
hase) eure of the reactants (for reactions in the gas 


Light also affects the rate of some chemical reactions, 


Questions 


1. Describe fully one reaction to illustrate 
each of the following. Four different re- 
actions are required. (a) A reaction whose 
rate is increased by raising the temperature. 
(b) A reaction’ whose rate is increased by 
raising the pressure. (c) A reaction. whose 
rate is affected by the presence or absence of 
light. (d) A reaction in which varying the 
concentration of one of the reactants causes 
a different product to be formed. (A.E.B.) 


2. Write an equation for a reaction which 
can.be catalysed by mangani oxide 
(manganese. dioxide), What would be the 
effect on the rate of this reaction of (i) adding 
more manganese(IV) oxide, (ii) using the 
same mass of catalyst but increasing the 
particle size? 

The rate of reaction. between. hydrogen 
and chlorine depends on the intensity of light 
falling on tlie reagents. For another reaction 
whose rate also depends on. the intensity of 
the light, (i) name the reagents.and (ii) either 
name the product or state the importance or 
use of the reaction. (J.M.B.) 


3. The following statements are made in a 
textbook. - 

The rates of most chemical reactions are 
approximately. doubled by raising the tem- 
perature at which the, reactions are carried 
out by 10 *C. d 

The rate at which a chemical substance, re- 
acts is directly proportional to its concentra- 
tion. 

(i) Describe the experiments you would 
carry out to test the truth of these two state- 
ments when. applied. to either the reaction 
between a metal and a dilute acid or the de- 
composition of hydrogen peroxide catalysed 
by manganese dioxide (manganese(1¥) 


and also by increasiag the concentration of 
the reagents. (C.) 
4, The rate of a chemical reaction increases 
with increasing temperature. Select one 
chemical reaction and. describe how you 
None demonstrate that its rate is greater at 
a higher temperature. i 
yvesdes i om has a vapour density 
of 3.5 at 150°C, whereas from its formula 
QNH,CI, formula mass 53.5) the. vapour 
density Would be expected to be 26.7. What 
is the explanation for this disérepancy ? (L4) 
5. Describe an experiment that you have 
either seen or performed to show how tem- 
perature affects the rate of. either the reaction 
of a metal with a dilute acid or the decom- 
position of hydrogen peroxide solution. 
Include in vc description the apparatus 
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used, the experimental proced 
meas a made P ure, “and the 
excess of dilute hydrochlori id i: 
added to 10 g of marble (calcium ce 
and left at constant temperature until the 
reaction has stopped. (i) Calculate the maxi- 
mum volume of carbon dioxide at s.t.p 
formed when the reaction has stopped. 
(ii) Draw a graph to show approximately 
Hows yor gula expect the volume of carbon 
le formed to with fi i 
Ee AERE vary ime during the 


6. Manganese(IV) oxide is a catalyst i 
decomposition of aqueous e pee 
oxide to water and oxygen. Using this as an 
example, explain the term catalyst. With the 
aid of a diagram, describe an apparatus 
which you could use to measure.the volume 
of oxygen evolved in a given time, How 
would you Show that. the manganese(IV) 
oxide had acted as a catalyst? Describe one 
réaction, apart from the decomposition of 
hydrogen peroxide, in which a metal is.used 
as a catalyst. (O. and C.) 


7; Hydrogen peroxide, a colourless liquid, 
decompor, slowly mU solution. The 
equation, for. the. omposition is gi 
below. RR Bae een 
2H ,02(aq) —>2H20() + O2(g) 

This decomposition is said to be catal; 
by certain metal oxides, including oppi) 
oxide and chromium(II) oxide. Outline the 
experiments you would carry out to investi- 
gate whether copper(II) oxide and chrom- 
ium(III) oxide do catalyse this decomposition 
How would you decide which of these two 
oxides is the better catalyst ? (1..) 


8. An aqueous solution of hydrogen per- 
oxide decomposes according to the RN 
2H;0; —> 2H,0 + Oi 


This reaction occurs rapidly at room tem- 
perature (20 °C) in the presence of a sui 
catalyst. a suitable 
You are asked to measure the rate at which 
Oxygen is evolved at room temperature when 
0.5 g of a catalyst is mixed with 50 cm? of 
0.1M hydrogen peroxide solution. (a) Name 
a suitable catalyst for this reaction. (b) Sketch 
the apparatus you would use. (c) Briefly 
describe how you would carry out the experi- 
ment. (d) Sketch a graph showing how the 
volume of oxygen (plotted along the vertical 
axis) might vary with time. Label this graph 
A. (It is not-necessary to use graph paper.) 
(e) Explain the form of this graph. ( f) Usini 
the same axes, sketch the graphs that mi i 
be obtained if the experiment was repeated 
with the hydrogen peroxide solution main- 
tained at (i) 10°C, (ii) 30°C. Label these 
graphs B and C respectively. (g) In (f) the 
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factor varied was the temperature of the 
hydrogen peroxide solution. Suggest four 
other factors that might affect the rate of the 
reaction. (h) How would you show that the 
catalyst was unchanged chemically at the 
end of the original reaction? (A.E.B.) 


9. A small flask was connected to a gas 
syringe by means of a stopper and delivery. 
tube. 30 cm? of water and 0.5 g of man- 
ganese(IV) oxide (manganese dioxide) were 
placed in the flask. 5 cm? of hydrogen per- 
Oxide were added, the flask was quickly 
Stoppered and readings of the volume of gas 
in the syringe were recorded every 10 
seconds. 


Time (sec) © 10 20 30 40 50 60 70 80 


Volume (cm) 0 18 30 40 48 53 57 58 58 


Syringe 
ing the 
Scm? 


graph to show how 
lected would 
experiment. i 
plain the 
lr "ias 
this reaction, the manganese(IV) 
mm & catalyst. Explain fully how 
Jou igen to prove this, 


B. Ex- 
line you 


10. In the laborato: i i 
Ty, oxygen is obtained 
from hydrogen peroxide, using man- 
tin V) oxide as a catalyst. (i) Define the 
catalyst. Describe how. you would 
confirm that this substance does behave as a 
Catalyst in this reaction. (ii) With the aid of 
4 diagram, describe how 
the i given 
the equation for the 
the volume of oxygen 

ly could be 
30cm? of a solution of hy, vs. 
‘whichcontains68gdm-*.(O.andC.) 


11. The rate of decomposition of a solution 
of hydrogen peroxide is increased by the 
presence of a catalyst. Write down an ed A 
tion for the decomposition and paned E 
suitable catalyst. Describe, with the aid o! a 
diagram, an experiment to measure the ral 
of decomposition of a solution of hydrogen 
oxide; S 
Pe What simple modification of your Der 
tus would enable you to investigate the ef E 
of temperature change on the rate of deco uc 
position of the hydrogen peroxide? In yo i 
answer, state clearly what measurement 
you would make and the units in which 1 
would express the rate of decomposition. (C 


12. You are informed by.a friend, whose 

chemical knowledge is sometimes sus] 

that black powders are frequently Eod 

catalysts. Describe carefully how you Wiest 

investigate this theory by studying the efm 
_ of copper(II) oxide on the thermal deco! 


Position of potassium nitrate or potassi 
chlorate. (N.I.) 


13. Study the following list of catalysts and 
then decide which one is suitable for each á 
the reactions illustrated by an equation. Ea! 
Catalyst can only be used once. ickel 
. Manganese(IV) oxide, platinum, nicke 
iron, vanadium(V) oxide. 


(). 2H, + 0, — 2H;0 

Gi) Na 3H, —> 2NH3 

(iii) C4H, + Ha —> C;Hs 

(iv) 2KCIO, — 2KCI + 30, (S) 


14. Define the term catalyst. Name one sub 
stance which catalyses the decomposition O | 
hydrogen peroxide, and calculate the volume 
of oxygen (measured at s.t.p.) released vi 
this reaction from a solution containing 0- 
mole hydrogen peroxide, Compare this 
volume with that of the oxygen rel 1 
(measured at s.t.p.) by the reaction of 0: 
mole hydrogen peroxide with acidi HC 
Potassium permanganate according to t 
equation 
2KMnO, + 5H,0; + 3H2SO.—> o 
K,SO, + 2MnSO, + 502 + 8H^ 


What would you expect to see during this 
ite reaction? P 
What are the products of the elecitoly5] 
of water acidified with dilute sulphuric aC" 
using platinum electicd=s? Give equatio 
for the electrode reactions. (O.) 


Eg TT 
20 Energy Changes in 
Chemical Reactions 


All matter possesses energy in one form or another. Some substances have energy 
as a result of the fact that the particles of those substances are moving; such 
energy is known -as kinetic energy. Other substances have energy stored within 
themselves, and this energy is a result of the positions of the particles contained 
in the substance relative to one another; this.stored energyis known as potential 
energy. But determination of the magnitude of the total energy which any given 
substance possesses is an extremely difficult task, and is made especially so by 
the fact that this energy can be present in so many different forms. It isan easier 
task, however,:to determine the energy change which takes place when that 
substance interacts with another. The energy change can also be recognized in 
many different forms; sometimes it is in the form of light (as in the burning of 
magnesium in oxygen), sometimes in the form of sound (as in the explosion of 
hydrogen and oxygen), sometimes inthe form of electricity (as in a cell reaction), 
and nearly always in the form of heat (as in the burning of coal in a fire), and 
very often it is a mixture of several of these. č 

The most common form of energy change in chemical reactions is the heat 
change, and it is with this that the majority of this chapter will-be concerned. 


Exothermic and endothermic reactions 

The great majority of chemical reactions arc accompanied by a marked heat 
change. Two types of heat change are distinguished, Those reactions which 
proceed with an evolution of heat to the surroundings are said to be exothermic 
reactions, and those in which an absorption of heat from the surroundings takes 
place in passing from reactants to products are said to be endothermic reactions. 


An exothermic reaction is one during which heat is liberated to the 
surroundings. 

An endothermic reaction is one during which heat is absorbed from the 
Surroundings. 


Units of heat change ; s 
For many years the unit of heat change for chemical reactions has been the 


kcal. A 
À kcal is a kilocalorie and is the heat required to raise the temperature of one 
kilogramme of water by 1 °C. This is one thousand times as large as the ordinary 
calorie which raises the temperature of one gramme of water by 1 °C, 

J is the symbol for the joule, which is now replacing the calorie as the inter- 
national unit of energy. The joule is expressed in electrical terms; thus, if one 
Coulomb of electricity passes at an electrical pressure of one volt, the energy 


involved is one joule. In , : 
volts x coulombs = joules 
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The relation between the calorie and the joule is: 
1 calorie = 4.18 joule 


The symbol, ki, represents 1000 joule, and is now the internationally acceptable 
unit for heat/change in chemical reactions, 


The AH fiotation 


Just as if is possible to express in a shorthand way, through the chemical equa- 
i reaction which is taking place, so a convention has been established by 


e usual convention now used is 


to refer the heat change to the reacting 
ie., if heat is lost by the 


reacting system (an exothermic reaction), AH is 


ative; if heat is in by the, reacting system (an endothermic reaction), 
^H is positive. 

bid for the exothermic reactions involving the burning of hydrogen or 
carbon: 


Hag) --304(g) — H,0(); AH = —286 ky 
CS) + 08) — CO;(g; AH = —406 kj 


and thesc equations may be interpreted as follows. 


“When one mole of hydrogen gas is completely burned in oxygen it forms 
one mole of liquid water with the evolution of 286 kJ of heat? 


4N2(2) + 40.2) + NO(9); AH = +90.3 ky 
Cs) --2S()—- CS; AH = +117 ky 


These equations should be read as follows, 


“When one mole of gaseous nitrogen monoxide ig formed from the gaseous 
E elements, 90.3 kJ of heat are absorbed from the ings.” di 


"When one mole of solid carbon reacts with two moles of solid sulphur to 
produce one mole of liquid carbon disulphide, 117 kJ of heat are absorbed from 
the surroundings." 


The importance of givi ig the state symbols in the equation should now be 
Clear, since it will be important whether or not the substances are in the solid, 
liquid, Or gaseous states so far as the energy change is required. 

If in the reaction 


H;(g) + 30,9) > HOG); AH = —286 kJ 


the water had finally been produced in the form of steam, then the heat evu! ed 


would be considerably less, since energy is required to convert liquid water into 
gascous steam. The change would then be 


Hale) + 40,(g) > H,0(); AH = 242 kJ 


{ 


Stance possesses. 


OI I EO LE Ee 
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and you should work out for yourself from these two equations how much 


` energy is required to convert one mole of liquid water into one mole of gaseous 


steam. 


Standard conditions for energy changes 


The value of an energy change, AH, for a reaction is not a fixed value indepen- 
dent of the conditions under which the measurement is made. We have already 
seen that it is important to indicate the physical state of the substances involved 
by inserting the state symbols into the equation for the reaction. It is also true 
that the value of AH depends upon other factors such as the temperature at 
which the measurement is made and (for reactions involving gases) the pressure 
upon the system. 

For these reasons it is necessary when making accurate comparisons of energy 
changes for different reactions to choose the conditions under which the mea- 
surements are made very precisely. These conditions are known as the Standard 
conditions for the reaction, and have been chosen as follows. 


Standard temperature = 298 K (25 °C) @ 
Standard pressure = 1 atmosphere 


Tliese standard conditions should not be confused with s.t.p., which applies to 
the measurement of gas volumes. Whenever a heat change is measured under the 
standard conditions stated above it is given a special symbol, AH®, the super- 
script * indicating that the energy change is one measured under standard 


conditions, 


Sources of heat change 


As already stated, particles of a chemical substance will possess energy by virtue 
of the fact that they are moving (kinetic energy) and also because there is energy 
stored within them (potential energy). À 

The kinetic energy of the particles will be made up of different kinds of 
motion. The particles will be travelling through space end will therefore possess 
translational energy. They will also be rotating in several different ways, accord- 
ing to the shape of the molecule, and they will therefore possess rotational 
energy. For those particles with more than one atom there will also be vibrations 
within the molecule, and the substance will therefore possess vibrational energy. 
Now itis possible to calculate the total kinetic energy of a substance (translational 
+ rotational -+ vibrational) from theoretical considerations, and it seems that 
the total kinetic energy of a mole of particles at room temperature is approxi- 
mately 12 to 15 kJ. E ; / 

Now if the source of the heat change in a chemical reaction was the kinetic ^ 
energy of the particles, then those heat changes would be very small indeed, for 
the maximum possible value for AH would correspond to.a-transfer of all the 
kinetic energy from the substance, which wouldegfy give AH = —15 KJ! 
However, we know that in practice AH values are of a much greater magnitude 
than this — often of several hundred kilojoules per mole. It seems likely therefore 
that the source of the heat change must be the potential energy which the sub- _ 


‘Chapter 9) that elements combine together to form 
Compounds in.a variety of ways, but whenever a compound is formed from its ` 
elements, bonds are made between the constituent atoms or tons. These bonds 
representa storing of energy in the substance and are the source of potetitial 


We have already seen ( 
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=. energy, and hence of the heat change during chemical reaction. It is always 


necessary to provide energy in order to break a bond in a chemical compound, 


and in the same way energy is always evolved when a new bond is created from 
the constituent atoms. Thus: 


bond breaking requires the ‘absorption of heat from the surroundings 
(endothermic Process); 


~ bond making" involves the libération of “heat to "the © surroundings 
(exothermic process); : E 
Now, since during a chemical reaction bonds are.broken in the reactants and 
bonds are formed in the products, it is quite clear that the balance between the 
endothermic process of bond breaking and the exothermic process of bond 
making will. determine the overall sign of AH. for the reaction. This may be 
Summarized as follows, 


Energy involved in bond breaking > energy involved in bond making 
=> ENDOTHERMIC REACTION 

Energy involved in bond breaking < energy involved in bond making 
=> EXOTHERMIC REACTION 


Types of heat change 


Just as it has been possible to classify chemital reactions into certain types, so it 
is possible to identify energy changes in cliemical reactions according to the 
type of reaction to which they refer. Some of these 


reactions will now be dis- 
cussed, with an indication of how the measurement for AH can be made. 


Heat of combustion 


‘The process of combustion involves the burning of a substance in oxygen, and 
since many industrial and domestic sources of energy concern the burning of 
materials to provide heat, the heat of combustion is clearly an important 
quantity. In fact; the heat of combustion 


of a substance is always negative, that 
is, heat is always evolved when substances are burned in oxygen, 


The heat of combustion of a substance is defined as the heat change which 
takes place when one mole of the substance is completely burned in oxygen. 

The values of the heats of combustion for a few substances are given in the 
following table. 4 


Substance Heat of combustion/kJ mol-* 
garmat ani d wo —— 
Hs(9) = 
C(s) e 
Co(g) —283 
Hail) —286 
CH4(g) methane +1560 
CsHie(I) octane —6125 
ped alcohol 
ethanol) j 
—1367 
Ci3H3)0,, sugar nee 
Seme of the substances j 
in ; 
ther, but ter relate Ane &bove table are used as fuels in one form or an- 


as fuels is not usually expressed in terms of 
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teir heats of combustion. It has been traditional to refer to the calorific value 
©: the fueis, in which-the units of measurement are Btu Ib^! (British thermal 
Units per pound). Since a British thermal unit is the quantity of heat required to 
Taise the temperature of one pound of water by I °F, the unit Btu i6* is'a much 
larger-unit than the kJ} mol7+ in which laboratory measurements are made. 
This merely reflects the greater quantities of heat which are involved when fuels 
are used on an industrial scale. Since food is also'a kind of biological fuel; it has 
been conventional to refer to the relative effectiveness of. different foods in 
Providing energy in terms of the number of 'calories" which each unit mass of 
food liberates. People on a diet are often said to be ‘counting their calories’, 


Figure 89 


s : ity of food taken in 
which simpl: that they are regulating the quantity, o UU 
according P pA of energy which will be liberated by the biological 


Combustion taking place in the body. ap i 
he accurate WE El edtion of. nd b [po uan of a substance is 
carried out using a bomb calorimeter (Figure 324: i - 
It is usually ndi of steel (for strength), nickel-plated on a duplo e 
tected from oxidation by a coating of enamel or Gemenen C. Air is displaced 
known mass of a compound is placed in the platinum gen T ei bomb is 
by oxygen which is then allowed to reach 20-25 atm press 


closed by a screw valve. 


be made for the heat evolved by:the iron wire, 
oa pond: to the heat evolved when one mole of the comp: 
urned. i x 
. n t f 
À much simpler, though not so accurate, method of determining the heat o 
combustion of a substance is described in Experiment 49- 
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Experi 


xperiment 49 
Estimation of the heat of combustion of ethanol 


The liquid alcohol may be burned in an im- 
provised lamp, made sim; 
bottle with a plastic cap, 
inserted a wick which di, 
tained in the bottle (sei 
passes through the cap 
piece of glass tube, 
Choose a thin-walled tin can, 
place approximately 100 9 water ij 
again. Record the exact mass 
placed in the can. Fi 
&pproximately half full of ethanol 


ply out of a specimen 
through which may be 
PS into the liquid con- 
e Figure 90), The wick 
of the bottle in a short 


weigh it, and camp 
n itand weigh 


“thin-walled 
tin can 
and weigh the 
ck. Clamp the 
ottlo, insert the 
and record the initial temperature 
of the water, Light the wick of the lamp and 
arrange tho tin can so that the flame touches the 
bottom of the can and heats Up the water in it 
It may be necessary to arrange a shield around 
the lamp so that the flame remains steady. Stir 
the water frequently, and when the temperature 
has increased by approximately 25 °C, put out 
the flame and Teweigh the bottle and its 


contents, Record the final temperature of the. 
water. 


Figure 90 
Specimen results 


Initial temperature of water 


i =17.7°C 
Final temperature of water = 412°C 
Mass of water in tin can = 101g 
Mass of lamp + ethanol before burning = 29.974 g 
Mass of lamp + ethanol after burning — 29.592 g 
Calculation 
We must first find how much energy has been transferred to the water from 
Energy evolved = 


4.2J gmt, 
energy evolved = 10] X 42 x (41.2 — 17.7 J | 
= 101 x 4.2 x 23.5 J 
J 


= 9970 
But mass of ethanol burned is (29.974 — 29.592) g > 
= 0382 g 


ular mass of C H,OH 
0.382 x 


= 46, the number of moles 
ethanol burned = 992. ra mole — 
Hence when 0.0083 mole 
evolved, 
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Therefore when one mole of ethanol is completely burned, 


2079. J = 1.185 x 105 J 


energy evolved = 0.0083 


= 1185 kJ 


Hence the heat of combustion of ethanol is —1185 kJ mol~* 


Comparison of the value obtained in this experiment with that in the table on 
page 204 shows that the experiment has not been very accurate. Can you make a 
list of the possible sources of error in Experiment 49? Compare the method used 
in Experiment 49 with that described for the bomb calorimeter. 

Although the method is an approximate one only, it may be conveniently 
used to compare the heats of combustion of different liquids. Thus the heats of 
combustion of the liquids methanol, ethanol, and propan-l-ol may be com- 
pared by this method, for example. 


Heat of neutralization 


Whenever acids and bases react together in a neutralization reaction (see 
Chapters 14 and 24), heat energy is always evolved. We already know that each 
hydrogen ion provided by the acid eventually appears as a molecule of water at 
thc end of the reaction; in accordance with the generalization: 


acid -- basc —- salt + water 


Now since different acids provide different numbers of hydrogen ions for 
méutralization, it is impossible to express the heat change for the reaction in 
terms of the number of moles of acid or base. Instead the energy change is 
referred to the number of moles of water formed in the neutralization process 
and the quantity is defined as follows. 


The heat of neutralization of an acid or a base is the heat evolved when that 
amount of acid or base needed to form one mole of water is neutralized. 


Thus the heat of neutralization is essentially the energy change for the 


reaction 
H*(aq) + OH-(aq) — H,0() 
from from 
acid base 
Heats of neutralization may be determined quite simply in the laboratory as 
follows. 


i 5ÉEofs—— — —À( 
Experiment 50 

Heat of neutralization of hydrochloric acid by sodium hydroxide 
Solution 

en UNE SRD? TES D ea tu E cus 


The ‘reaction vessel’ for this experiment canbe and dry the thermometer between the two 
any thermally insulated container. A plastic 
Coffee cup, or plastic bottle, will serve the pur- 
Pose well. 

Pipette 20.0 cm? 2M hydrochloric acid into the 
Plastic bottle. Take the temperature of the acid 
Solution, and also that of a 2M solution of 
Sodium hydroxide solution in a beaker (wash 
— 


temperature measurements). As rapid/y as you 
possibly can, transfer 20.0 cm? of the 2M sodium 
hydroxide solution to the plastic bottle using a 
pipette, and using the thermometer to stir the 
mixture, record the maximum temperature 


attained. 
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Specimen results i ny 
Volume of 2M hydrochloric acid solution 


= 20.0 cm? 

Volume of 2M sodium hydroxide solution — 20.0 cm? 
Initial temperature of hydrochloric. acid = 15.0°C 
=~ Initial temperature of sodium-hydroxide solution = 15.4 °C 
Final (maximum) temperature of mixture = 28.2°C 


Calculation 


which would therefore be BOISA g 


rise for the solution will be (28.2 — 15.2) °C = 13.0 °C. Taking the heat capacity 
Of water as 4.2 J £^! we have: = 


= 15,2 °C. Hence the temperature 


heat evolved — mass x heat capacity. x temperature rise 
= 40 x 4.2 x 13.0) 
= 2184 J 


Now in 20 cm? 2M hydrochloric acid there is D X2 mole HCl = 0.04 mole HCI 
"Gn a similar way, there is 0.04 mole NaOH), 
The equation for the neutralization is 


HCKag) 4 NaOH (aa) — acad) 4- H50(l) 
and since one mole HCL pri *atlces one mole water 


4.04 mole HCI Will produce 0,04 mole water 


a J heat energy 
= 54 600 J 
an = 54.6 kJ. 
erefore the heat of neutralization is ~54,6 KJ mol"! water formed 
mati Wn d i zu rather lower than the accepted value for this 
experiment is illustrated in Figure 1 More accurate Muihod of performing the 
he apparatus. is allowed f 


to stand to atta; ich is 
TB aln 2 steady temperature (which 
"IE solutions ipee, The test-tube js then Drop thevacid 
on ft thermometer, (Better, d ad ere 1$ a temperature tise which isread 
the results rendered SE 


be read at 15 sec intervals and 
as a graph. z 
Whenever these more @ pe) 


ore accu, 
the heats of neutralizat; ra it 


ie, AH = —5731. Tu el st 
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thermometer 


É—— stirrer 


df cottonwool packing 


Figure 91 


Conservation of energy 
Alt energy changes which occur during chemical and'physical changes’ of the 
kind considered above must conform to the Law of Conservation of Energy; 
that is, energy can only be changed from one form into its equivalent of another 
form with no total Joss or gain. 


To take the combustion of sucrose (cane sugar) to carbon dioxide and water 


as products (at ordinary temperature and pressure), we have the equation: 
C,5H5,0,,(5) + 12028) > 12CO,(g) + 11H;O(); AH = —5685 kJ 


alent bonds between carbon, hydrogen, and oxygen 


During this reaction, Cov! 
atoms in the sugar molecules are replaced by covalent bonds between carbon 
and oxygen atoms in carbon dioxide and between hydrogen and oxygen atoms 


in water. These changes involve alterations in electron. orbits and, therefore, 


energy changes. Also, the forces holding sugar molecules together in crystals 
ces holding water molecules together as liquid; 


are overcome and replaced by for id 

At the same time, molecules of carbon dioxide are left as gas and molecules of 
water as liquid, both types of molecule possessing energy of motion. If these 
varying energy changes (and any others we may have forgotten) are allotted 
their correct signs and quantities, and account is similarly taken of the heat 
energy liberated during the combustion, the total energy change (obtained by 
adding these quantities together) must be zero. " 

The dissolution of a solid in water may be a purely physical change, t.e., the 
separation of ions or molecules from crystals and their dispersal into the Water 
This requires a supply of energy to overcome inter-ionic forces (as in a Na* C. 
lattice) or van der Waals forces (as in many organic solids). This energy is te" .a 
from the water (as heat) and the temperature falls, i.e; dissolution of a e- din 
water is often endothermic. In sóme cases, however, chemical reaction lcurs, 
e.g., ions may be hydrated, as with anhydrous copper(II) sulphate: 

Cu?*(s) + 4H,0(I) — (Cu.4H;O)* *(ag) 
In such a case, this heat of hydration (added to the true heat of solution) may_ 


make the total change exothermic. 
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Questions 


1. When hydrogen chloride gas dissolves in 
water there is an appreciable rise in tempera- 
ture. What type of reaction is suggested and. 
how do you account for the temperature 
change? How could you confirm your 
suggestion? dia: 
Hydrogen chloride dissolves in trichloro- 
methane without any apparent change in 
temperature. What does this suggest? (S.) 


2. The formation of methanol from hydro- 
gen and carbon monoxide can be represented 
by 

CO + 2H, = CH,OH AH = 491 kJ 


What mass of hydrogen would react to 
cause a heat change of 91 kJ? 

What would be the effect on the equi- 
librium concentration of methanol in this 
endothermic reaction if (i) the temperature 
was increased, (ii) the pressure was increased, 
(iii) the hydrogen concentration was in- 
creased? (J.M.B.) 


3. Producer gas is made by blowing air 
through red hot coke. Water gas is made by 
blowing steam through white hot coke. 
(a) Write equations for the reactions in- 
volved in these two processes. Do not des- 
cribe the reactions. (b) In industry the two 
gases are made alternately, first producer 
gas and then water gas. Explain why this is 
so. (c) Which do you consider to be the 
better fuel, producer gas or water gas? Give 
the reason for your answer. (d) Design an 
apparatus and describe how you would use 
it in an attempt to prove that your answer to 
(c) was correct. You may assume that you are 
provided with each gas under pressure in a 
Steel cylinder. (J.M.B.) 


4. Explain why the heat of neutralization of 
sodium hydroxide by hydrochloric acid is 
the same as the heat of neutralization of 
Potassium hydroxide by nitric acid. 

NaOH + HCI —- NaCi t H30; 


AH = —57.3 kJ 
KOH + HNO. 


catalyst is employed. (You must mene 
Teaction given in your answers to the pre- 
vious parts of this question.) (ABB) 

6. What is|the composition of (a) water 

(b) producer gas? Describe how these ER 
are made, Which of the methods of prepara. 


tion involves an exothermic reaction and 
Which an endothermic one? Explain the 
meaning of these two terms. 

What do you understand by the term 
‘photosynthesis’ ? Explain briefly how this 
reaction takes place naturally. Mention one 
Other chemical reaction which can be 
brought about by means of light energy. (S.) 


7. An important gascous fuel is butane 
C.Hio. For the combustion of butane 
AH = —2880 kJ mol- !, (i) Write down the 
equation for butane burning in excess air, 
including the heat change. (ii) Calculate the 
quantity of heat which would be evolved 
when 16 dm? of butane, measured at room 
tempefature and pressure, are burnt. (The 
gramme-molecular volume of a gas may be 


taken as 24 dm? at room temperature and 
pressure.) (L.) 1 


8. Give a careful description of the method 
you would use to prepare crystals of com- 
mon salt from sodium hydroxide and hydro- 
chloric acid. 

The interaction of sodium hydroxide and 
hydrochloric acid is an ‘exothermic’ reaction. 

t do you infer from this statement, and 

how, in the course of your preparation, could 
you demonstrate its truth ? Give one example 
in each instance. d Salemi reactions 
occurring 4) a solid and a 
(b) two gases. (S.) BN 
9. (a) Describe how you would attempt to 
find by experiment the quantity of edt 
liberated when one gramme of the liquid 
methanol, CH;OH, is burnt in air 

(b) The table shows the heat liberated when 
1.0 g of each of three alcohols is burnt in air. ` 


xni ars AMAN Seni T: adire 
Heet evolved 


Methanol CHOH 
Ethanol C;H,OH 
Propanol C;H,0H 


22.6 kJ 
297 kJ 
33.4 kJ 


For each of these alcohols, calculate the heat 
of combustion in kj per mol. 


heat of combustion of butanol, C,H,,0. 
bstance dimethyl ether has the 
same molecular formula, C:H.O, as ethanol, 
but its heat of combustion is different. Sug- 
Best a reason for this difference. (L,) 
10. The number of joules required to in- 
ease the temperature of 100 g of certain 
EO Cis = in the table opposite. 
EARS many moj ero présentinil00 g 


(b) Plot a graph of number of moles 
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Element Relative atomic Number of 

mass joules to raise 

100 g by 1 °C 
Magnesium 24 103 
Aluminium 27 90 
Copper 64 39 
Molybdenum 96 27 
Platinum 195 13 


present in’ 100°g against the number of 
joules required to raise 100 g of the element 
by 1*C. Use a scale of 2 inches (or 4 cm) 
for 1 mole along the x axis, and 1 inch (or 2 
cn) for 20 joules along the y axis (the 
vertical axis). . : 

(©) 54 joules are yee to raise the 
temperature of 100 g of the element scan- 
dium by 1°C. If a pattern has emerged 
from your graph, use this to estimate the 
mass of 1 mole of scandium. 

(d) 100 g of scandium are found to combine 
with 236 g of chlorine (relative atomic mass 
35.5). How many moles are present in these 
masses of scandium and chlorine? What 
information does this give about the formula 
of scandium chloride? (L.) 


11. Two widely used fuels are natural gas 
and water gas. Natural gas is mainly 
CH, with smaller'amounts of the next two 


members of the alkane series (plus a little 
hydrogen). Water gas is an equimolar mix- 
ture of carbon monoxide and hydrogen. The 
heats of combustion of carbon monoxide 
and hydrogen are given. 


CO(g) + 10:(g) = CO.(g); 
AH = —286.0 kJ 
Hg) + 402(g) = H20(g); 
AH = —244.0 kJ 
(a) From these figures calculate the value 
of AH in the complete combustion of 22.4 
dm? of water gas (measured at s.t.p.). 
(b) Write an equation for the complete 
combustion of methane in oxygen. (c) The 
complete combustion of one molar volume 
of methane (measured at s.t.p.), in oxygen 
liberates 617.0 kJ of heat more than the 
complete combustion of the same volume of 
water gas under the same conditions. Calcu- 
late the heat of combustion of methane in kJ. 
(Scottish.) 


12. The heat change in dilute aqueous solu- 
tion for the exothermic reaction 


NaOH + HCI —- NaCl + H;O 
is AH = —57.3 kJ. 


State the heat changes for the following 
reactions in dilute aqueous solutions and 
give reasons for your answers: 


(a) KOH + HNO; — KNO; + H,0 
(b) 2NaOH + H3SO,—> 
NazSO, + 2H.0. (J.M.B.) 
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Radioactivity was first noticed and investigated in 1896 by. Becquerel; who found 
that uranium sali 


Photographic plate in the same e 
e.g. zinc 
gation very far, but his discoveries 
i Marie and Pierre 


tain mineral Specimens, such.as Bohemian Pitchblende. 
two radioactive elemen: 

of Marie Curie's nativi 
are now known. 


Kinds of radiation 


carry a positive charge 
it was concluded 


Beta-rays showed a very marked deflectio 


, it was Concluded that the 


selecting 
r screens 
rticle oi 
anian salt electrostatic field 
=e beta-rays 
Ima-rayg 
| | ii al 
Figure 92 
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Nature.of radioactivity. 


It was Soon noticed that radioactivity is very different from ordinary chemical 
change. It is; for ‘example, unaffected by temperature changes of the kind 
occurring in common scientific operations, being as rapid at the temperature of 
liquid air (ábout — 180 °C) as at red heat (about 850 °C), while chemical change 
is usually greatly accelerated by marked rise of temperature. 

After a period of general uncertainty, Rutherford and Soddy put forward the 
idea, now universally accepted, that radioactivity arises from the spontaneous 
disintegration of. unstable atomic nuclei. In fact, all atomic nuclei more complex 
than the.nucleus of the bismutlratom (that is, containing more than.83 protons) 
are unstable. By disintegration, all such complex nuclei give rise to radioactivity. 
For-example, the polonium atomic nucleus has 84 protons, thesradium nucleus 

‘has 88 protons and the uranium nucleus 92 protons. To take a particulanexam- 
ple, the radioactivity of radium is caused by the emission of an alpha-particle 
(helium ion, He?*) from the-nucleus of a radium atom. The helium ion carries 
away withit two protons (as well as two neutrons): This leaves behind:anatomic 
nucleus containing 86 protons and this is the nucleus of an atom of the noble gas, 
radon. This change is accompanied by a very large evolution of energy (about 
4 x 10? kJ per mole of radium) so that à solution of a radium salt maintains 
itself at a temperature above that of its surroundings. This radioactive change 
càn be expressed by the equation: : 

2$8Ra — 79¢Rn + He 

Equations.of the above kind must balance by having equal totals of atomic 
numbers and of mass numbers on each side. For the mass numbers, 226 on the 
left is balanced by (222 + 4) on the right; forthe atomic numbers, 88:0n the 
left is balanced by (86 + 2) on the right. In a similar way, the following equation 
expresses the fact that a sulphur atom, can absorb a neutron and then emit a 
proton, so producing an atom of phosphorus. 

HS HP + Ip 
Both the proton and the neutron have a mass of approximately 1 on the:scale 
of 2C = 12. This accounts for the upper figures. The neutron has no charge, 
therefore has atomic number 0; the proton, with its single positive charge, has 
atomic number 1. This accounts for the lower figures and the equation balances 


as required. 


Resu'ts of radioactive changes 
It has been found that there are two important kinds of radioactive change. 


Emission of alpha-particle 

In this case, an atomic nucleus emits an alpha-particle, that is, a helium ion 
containing two protons and two neutrons. In this way the nucleus loses 4 units of 
mass. The two lost protons reduce the atomic number of the element by two 
units, consequently the product of the change is an atom with a mass number 
reduced by 4 units and an atomic number reduced by two units in comparison 
with the original atom, An example of this is: 

^ifRa — *iiRa + $He 


fco 
Emission of beta-particle (or electron) Mi : 
This kind of radioactive change is equivalent to the splitting of a neutron in the 


atomic nucleus of the radiaactive “ement into an electron and a proton, the 
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proton being then retained by the nucleus while the electron is emitted as 
beta-radiation. The electron is a very light particle and its loss makes no signi- 
ficant change in the atomic mass of the atom concerned. The retention of the 
proton raises the atomic number of the element by one unit. That is, the product 
has the same mass number as the original atom and an atomic number one unit 


greater. For example, a radioactive isotope of lead can lose a beta-particle to 
produce an atom of bismuth. 


^iSPb — "ISBi + 9e 


In terms of atomic number, a beta-particle (electron) being negatively charged 
counts as (—1), just as a proton positively charged counts as (4-1). 


These types of change continue till a stable atomic nucleus is reached. It is 
now recognized that there are several series of radioactive change, named after 
the elements from which they originate in nature, e.g., the uranium series, the 
thorium series, and the actinium series. The changes can be very complex. In the 
uranium series, the original uranium atom passes through radium as an inter- 
mediate and finishes as an atom of non-radioactive lead. 


HU — "Ra — 784Pb 


The uranium atom loses 10 protons in all, reducing its atomic number by ten 
units, It also loses 32 units of atomic mass. 

These changes occur in pitchblende, a uranium ore from Bohemia, and the 
Source of the radium isolated by the Curies. The ore also contains helium gas 
occluded in it. This gas is derived from the alpha-particles (helium ions) emitted 
during the radioactive changes. 


Stability of radioactive elaments 


The mathematics of radioactive change is rather complex, but į i 
conclusion that a convenient way of e; g the Sortie "Eco or 
radioactive clement is to state its half-life, that is 


about the year 3520, 


Artificial nuclear transmutation 
From what has been written above, 


nitrogen atom captured one of these idium salt. The nucleus of a 
leaving an oxygen atom as the prod uPha-particles and then emitted a proton, 


“TN + $He— 179 4 37 


tations have since been achiev 
dioactive isotopes ‘are prn Some of them are men- 


Many other transmu: 
tioned later when ra. 
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Nuclear energy 


It has already been noticed that radioactive changes can be accompanied by 
very great evolutions of energy in the form of heat, e.g., 


226Ra—> 722Rn + He; AH = —(4 x 108) kJ 


It was soon realized that if arrangements could be made to isolate radioactive 
materials and then control their activity, a new and very important source of 
energy would be made available for the human race. Unfortunately the first 
supplies of energy from this source were used for destructive purposes in two 
atomic bombs at the close of the World War of 1939-45. This development 
depended on the following circumstances. 

In 1939, the German nuclear scientist, Hahn, discovered that the atomic 
nucleus of the isotope of uranium, ?33U, could absorb a neutron and then break 
into two roughly equal parts. This is called atomic fission. The total products of 
the fission have a mass slightly less than that of the total initial material, This 
difference of mass is radiated as energy, the amount of energy being stated by 
the equation of Einstein, 

E = mè 


where Æ is the liberated energy in joules 
m is the mass in kilogrammes 
c is the velocity of light in m s~* (c = 3 x 10° m s^!) 
The factor, c, is so large, especially when squared, that the loss of a small 
quantity of mass brings the liberation of an enormous quantity of energy. T 
This process of nuclear fission of 33U can be made into a chain reaction in 
suitable conditions (Figure 93). This is because, while fission occurs as a. result 


neutron to produce ; $ 


other fissions 
nucteus of an nucleus of an 
atom of 235y atom of 238 y S 
92 
92 (unstable) Xo p sS 
¢ ston imet to produce 
—fission e other fissions 


enm D. 


neutron absorbed & 
b 
y nucleus of E U 


two smaller nuclei of 
atomic number near to 46 


Figure 93 
um nucleus, the process of fission also emits 


neutrons. These are available for absorption to produce new fissions, and so on. 
If the mass of uranium is small, the neutrons may escape from it at such a rate 
that the chain reaction cannot be maintained, but, above a certain critical mass, 
the uranium absorbs the neutrons so as to produce very rapid nuclear fission of 
at least a substantial proportion of it. The energy liberated then produces a 
terrific explosion, with a temperature of several million degrees centigrade 
. Mmediately after its occurrence. 


of neutron absorption by the urani 


216 A New Certificate Chemistry 


The essential ideas relating to the production of the first atomic bomb were 
the following. 3 


(1) A sufficient amount of 733U had to be isolated from a natural source of 
uranium, which contains about 0.7% of ?33U. and 99.3% of another isotope 
238U. (Both isotopes have atomic number 92.) The separation of the isotopes 
was brought about by producing the fluorides, UF;; which are gaseous. 233U 
produces a fluoride of higher molecular mass than ?35U. "The 733U fluoride 
consequently diffuses more rapidly than the *38U fluoride (by Graham's Law) 
The'two fluorides were separated in the U.S.A. by very’élaborate apparatus for 
fractional diffusion, and then the 33U was obtainéd’ pure by decomposing the 
fluoride into its elements by heat. x 

(2) A mechanism was constructed to keep the 235U apart in quantities below 
the critical mass until the decisive moment and then shoot them rapidly together 
to form one unit greater than the critical mass. A’ source of neutrons was also 
required to initiate the fission. 

(3) A tamping device in the form of suitably shaped, thick steel sheet w29 
placed round the uranium to reflect escaping neutrons back into the fissionable 
material. The isotope of plutonium, ?32Pu, will also undergo nuclear fission an 
produce a similar chain reaction. lt was also used in an atomic bomb in 1945. 

The problem of adapting fission processes for useful purposes is that of 
releasing the same energy as in the fission bombs, but steadily over a relatively 
long period and at a temperature convenient for making use of the energy. The 


i gh alternators. 
it: ; 
siens cross-section Wi ei about 40 tonnes of uranium, in long bars 
in 800 tonnes of pure graphite Biek regularly about 17-c apart both ways 


"s . The metal w; $ 5 inium tO 
oxidation and as sheathed in aluminiu 


Sources of stellar energy 


Development of knowledge about 


sources of energy i | atomic energy has revived interest in the 
c EFE in thie Stars, especially the sun. The output of energy in the sun 
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Changes which also involve !2N, 230, and other isotopes, to bring about the 
het change of hydrogen to helium. Temperatures of the'order- ofomiilions of 
degrees centigrade are necessary and, even then, the conversion of hydrogen to 
helium is slow. The sun is estimated to contain enough hydrogen to continue 
Tadiating at its present rate for, at any rate, seyeral thousand million years, A 
Process of this kind in which several atoms produce a more complex atom is 
called atomic fusion. 

The hydrogen bomb uses an. adaptation of the synthesis of helium from hydro- 
Ben which occurs in the sun. In one version of this bomb, t i 
isotopes of hydrogen, deuterium 3D; and tritium iT, are fused to pr 
and neutrons. 


2D + iT— He + in 
riginal mass is convert 
roximate tonne of mai 


to energy. So 
used in the 
million tonnes of ordinary military 
be obtained from water. Tritium is a 


During this process, about 0.4% of the o! 

A is this release of energy that an app 

drogen bomb is as destructive as several 

explosive such as TNT. Deuterium can be o) 
froduct of the action of slow neutrons on lithium. 
SLi in — 1T + 2He 

their fusion is several million degrees centigrade 


The tem; i 
perature required for 4 ds R 
and is supplied by tio action of a uranium fission bomb round which the fusion 


materials are 
placed. i i e Wor! n 
Controlled nuclear fusion is now the subject of intense wort research, 
Tit should be harnessed, the deuterium in sea water mould Pi ] he earth’s 
Shergy needs seeable future. The problem is largely ont of containing 
1 for the fore illions of kelvin in a mee. field so that 
it does no of the apparatus and cool downs ialierpatiye 
t touch the walls ms is now under study, 


Artificial elements 


The most complex atomic nucleus known on earth up to about 1940 was that of 


Uranium (atomi 92). More recently, more complex nuclei, have been 

assembled. n dia bed : Des D DS produce i by exposing Ro neon 
ombardment, 25 tures a neutron to give the isotope, 33 $808, 
Y a stage of BE into neptunium am: then, by a smie deed iato 

Plutonium, These elements have atomic numbers of 93 and 94 respectively an 

: ioactive and plutonium 1s fissionable. 


ne el i now 

pcd E o gold is, however, somewhat beside the point, 

= n this would either liberate or p pw 
n the nature of the base metal used. in = 

Would dwarf that of the gold; in the second case, the cost of the gold in energy 

Would be prohibitive. 
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Radioactive isotopes of common elements 


Radioactivity was discovered in the most complex atoms, such as those of 
uranium, polonium, and radium, and, in nature, is restricted mainly to atoms 0! 

this kind. It is possible, however, by methods outlined below, to produce 
radioactive isotopes of many common elements and to employ them usefully 
in various ways. Such radioactive isotopes usually have a short half-life (a few 
days or weeks) and so decay to vanishing point quite rapidly. This is why they 
are not found in nature to any noticeable extent, 


Two examples of the production of radioactive isotopes of common elements 
are the following. 
(1) If a sodium salt, such as the chloride or carbonate, is irradiated by an 
intense concentration of neutrons in a uranium pile for a few days, some of the 


sodium atoms (mass number 23) will absorb a neutron each to give radio- 
sodium atoms (mass number 24), which are radioactive. 


iiNa + $n — 7{Na 
(2) In conditions similar to the above, 


sulphur atoms will absorb one neutron 
each, then radiate a proton and finish as 


a radioactive form of phosphorus. 
158 + in — HP «1p 
Ordinary phosphorus is ?!P, 


Use of radioactive isotopes 


These uses are principally curative, general industrial uses, and uses in scientific 
research, 


Curative uses 

Cancerous growths may sometimes be eradicated by exposure to gamma-rays 
(ie., electromagnetic waves of very high frequency), which are derived from 
radioactive materials. Both healthy and diseased tissue are destroyed by 1n- 


controlled exposure, but by regulating the dosage and directing it suitably, 
healthy tissue can be protected. 


Radium was formerly used for this purpose but radio-cobalt has taken its 
place, This material is 


made by irradiating ordinary cobalt, 33Co, with neutrons. 
27C0 + ôn — $2Co 
The product, cobalt-60, is radioactive, emitting very penetrative gamma-rays. 


It is placed at the centre of a sphere of lead which suppresses most of the radia- 
tion, which would be dangerous to oper: 


‘ators. A narrow radial boring in the 
sphere allows a pencil of the radiation to escape and it is directed at the diseased 
tissue. Radioactive phosphorus, i3P, has been tried in compounds for treatment 
of leukaemia, and radio-iodine for treating thyroid disease. 

Radio-strontium, or strontium-90, 38Sr, also emits destructive radiation. 
(Ordinary strontium is mainly 38Sr and is not radioactive.) Strontium-90 is 
contained in the fall-out from certain kinds of atomic bomb tests, If it is ab- 
sorbed into bone tissue in man above a certain concentration, its radiatio 


i n may 
set up a severe, possibly fatal, disease of the blood by destroying bone-marrow 
and red blood corpuscles, This is one of the objections to the testing of such 
bombs in quantity. 


Uses in scientific research 


‘These uses are mainly examples of tracer technique, Livin ; 
distinguish between ordinary atoms and their radioactive $i B organisms do not 


‘topes, A radioactive 
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form of an element can, therefore, be used, highly diluted, as a marker to trace 
by its radioactivity, what happens to this element during the growth of th: 
Organism. A notable example of this technique has been the use (by Calvin i 
the U.S.A.) of radio-carbon, ‘$C, as carbon dioxide, to trace the course : 
photosynthesis in plants. Many other similar cases have been reported and ti 


Method is increasingly used (Figure 94). 


0 5 10 15 20 25 30 


time In thousands of years 
Figure 94 


Radio-carbon also plays a part in the dating of archaeological specimer 
This form of carbon occurs in the carbon dioxide of the atmosphere in a consta 
Proportion. It is taken into the tissue of growing trees ip this proportion. Wh 
the timber is cut, the radioactivity of the radio-carbon decays at a known ra 
(half-life of radio-carbon is 5760 years). Consequently, if the present, reduc 
radioactivity of an ancient sample of wood is determined, the age of the woc 
can be estimated, Such estimates agree closely with datings from other (historica 
evidence where it is available, so can be used for dating fresh specimens of ancie 
tools, domestic articles, and weapons. k 


Industrial uses ey 
These uses of radioactivity are many and increasing. Radio-sodium, employ 
as carbonate, is used for rapid detection of leaks in water-mains. The point 

leakage can be found by the effect of radio-sodium on a Geiger counter, Sir 
larly, when the grade of oil is changed in a pipe-line, radioactive material can : 
added at the change-point and is easily detected at the receiving end. Other u: 
inspection of welded steam-pipes and boil 


of radioactive materials are in the ins; E ess i 
Plates for the detection of faults; and for the dissipation of electrostatic char 


built up by friction on moving bands. Such charges can cause sparking, whic! 
dangerous in certain environments. 


Questions 

l. Alchemi. 4 

make ists spent many years trying to 

With, gold from ‘base’ nali such as lead, 

Bold Qu Success. Say how you would make 
using nuclear reactions. 


discite an essay about the advantages and 
Source of dcn nuclear reactors as a 


3. What are A m 

the different forms of radiation 
that Si be emitted from a radioactive sub- 
Stance? What do the different forms of 


radiation consist of, and how could you 
one form from another? / 
4. Radioactive phosphorus and radioac 
sodium are made by the reactions 

HNa + j1— ifNa 
and 328 + in —> HP qp 
Using tables of accurate isotope weights 
Einstein's relation E = mc*, find out ' 
much energy is released-or absorbed du 
these reactions. 


22 Air, Combustion, 
Rusting, and 
Photosynthesis 


A study of the air begins natural: 
of all chemical reactions — 


(coal, wood, petrol) are ci 
iNg-point of our 
elements, and, ti 


Experiment 51 
Effect of heating metals in air 


y with an examination of that most familiat 
burning. Most of the common combustible materials 
omplex compounds which are unsuitable as the sd 
investigation. We shall fall back upon the metals, which are c 
herefore, the simplest materials known. 


ad 


(a) Copper 


Take up a pieco of co; 


pper foil in a pair of tongs 
and hold in a Bunsen 


flame. The metal becomes 
Ted hot and, on Cooling, is covered with a black 
layer. This is black copper oxide. If the metal 

Scraped, the surface layer is obtained as a 
Powder and the fresh Copper exposed can be 


Similarly treated; th time, a quantity of the black 
Powder can be obtained. 


These experiments leave no doubt that 
a drastic change. The products left after hi 


the original metals. 


The nature of the change 


to redness. On cooling, the 
Since air is concerned in the 
The metals may have combined 


~Vhout loss or gain, but this is 


. ER. 


(b) Lead 


Heat a little load foil on a crucible lid. It melts to 
shining beads of molten lead. Stir the beads 


The metal gradually changes to a yellow powder 
called massicot. 


(c) Magnesium 


Hold one end of a length of magnesium ribbon 
in tongs and place the other end in a Bunsen 
flame. The ribbon Burns with a dazzling flame (it 
is dangerous to look at it for any length of time) 
and leaves a white ash — magnesium oxide. 


the metals concerned have undergone 


eating them are quite different from 


oge, two possibilities have to be considered: 
With ing fi i p 
[3E taken e rom the air or they may hav 


the air. (A third possibility is that . 
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occur without air.) Clearly, in the first case, the material which had combined 
Would make the mass of the product greater than that of the metal, while, in the 
Second. case, the material lost would have the reverse effect, We have only to 
Weigh the metal before burning and the product after burning to decide this 


point. 


bh c Lll mM ER 


Experiment §2 


To find whether there is any change in mass when magnesium 


urns in air 


Reba teli ocio sos quii ADI Ma le IUS ere erent MON 


aaa crucible (with lid) containing about 
Figure Bet ea Set up the apparatus as in 
mantis Remove the lid and heat the crucible. 
lid on 44 Magnesium begins to burn, put the 
allow airte crucible. Raise it occasionally to 
o enter to burn the magnesium but, as 


far as possible, avoid losing any ‘smoke’ (fine 
particles of magnesium oxide) which would tend 
to make the final mass tco low. When all the 
magnesium has burned allow the crucible and 
lid to cool. Then weigh them again. There will be 
a gain in mass. 


piget 
jangle a 
crucible” 
magnesium 
heat 
Figure 95 
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The products of combustion of a substance always wei 


original substance 

This is even true for coal. If we 
Bases (carbon dioxide and steam) w! 
more than the original coal. (See 


matter what the substance is that burns, at o s 
the burning material combines with something. 


during burning, 


igh more than the 


could collect all the ash, soot smoke, and the 
hich escape up the chimney, they would weigh 
page 23.) This gain in mass, which occurs no 


nce establishes the point that, 
We now have to 


show whether the ‘something’ comes from the air. 


To do this, it will be necessary to 


the air decreases in amount, We must 
would be absurd to carry out the expe: 


air could/leak from outside t 
confined space, that is, in a cl 
amount of air should be 
simple arrangement satisfies 
, in a bell-jar over water (see Figure 


bell-jar and will move up or down insi 
the amount of air inside. As a matter © 
Phosphorus for our burning substance t 


this requirement. 
96). The water forms a flexible base to the 
ide the jar to show us what is happening to 
mere convenience we shall choose yellow 


find whether, when a substance burns in air, 
devise an experiment to test this point. It 
riment in the open laboratory into which 
o replace loss; we must secure à sample of air in a 
osed vessel, and, if possible, any change in the 
automatically shown to us by the apparatus. A very 


We shall confine the sample of air 


his time. (Yellow phosphorus takes fire 
care. Never touch it with your fingers. 


very readily and must be treated with great T toU 
ing and the burns it will cause are very severe 


The heat of them may start it burni 


and difficult to heal. Yellow phosphorus is always 


the ease with which it catches fire.) 


kept under water because of 
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Experiment 53 
To find whether there i 
phosphorus burns in it 


Float a small porcelain dish on water in.a 
putin it a piece of yellow 


gJ as a pea. Place 
(just the water to level A 
the stopper of the bell-jar 


pneumatic trough and 
phosphorus about as bi 
over it a bell-jar and adj 
(Figure 96 (a)), 


Figure 96 


being removed. The bell-jar above A is graduated 
into tive equal portions, Heat à long iron needle 
ina Bunsen flame, touch the phosphorus with 
it, withdraw the neadle quickly, and insert the 
Stopper of the boll-jar. The Phosphorus burns 
With a bright yellow flame, giving off dense 
White fumes of phosphorus pentoxide, which 
fill the jar. After a time the phosphorus no 
longer burns. The water-level inside the bell-jar 


s a diminution in the volume of the air when 


will then be found to rise aad, when the bell-jar 
is cold, the water-level will stand at mark B on 
the jar (Figure 96 (b)). Clearly, the rise of water 
inside the bell-jar means that, during the burning 
of the phosphorus, some of the air was used UP 


yellow 

phosphorus 
~~ no longer 
smouldering 


water 


(b) 
after several days 


to combine with tho phosphorus. t 

(While the phosphorus is burning, the level o' 
water inside the bell-jar will fall. This is an 
expansion effect of the heated air. It is also 
necessary to pour water into the trough until tho 
levels of water inside and outside the bell-jar are 
equal, If this is omitted we are not measuring 
the volumes under the same conditions.) 


iim es ein Ne Lebar an gee A 


After a time, 
Tt will ther be seen th 


This is very significant. The fi 


the white fumes dissolve 


in the water, leaving the bell-jar clear. 
osphorus remains in the porcelain dish- 


lack of phosphorus. We — 
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dem heec two-gases have names. The one which supports the combustion of 
ee orus is called oxygen, the other nitrogen. 
-et us sum up in a few sentences what we have learnt so far. 
quine principal pases in air are oxygen and nitrogen. Oxygen constitutes about 
tion Es of the air by volume and nitrogen about four-fifths. During the combus- 
chemi a substance, it combines chemically with the oxygen. of the air and the 
nl combination is accompanied by the evolution of light and heat. The 
ination with oxygen causes a gain in mass. Nitrogen will not support 


Combustion. 

ù Y an experiment similar to the above, it can,be shown that the. material of a 

Pp candle combines with oxygen and causes the water-level inside the bell- 

ie rise. The candle will not, however, remove all the oxygen. 
eh important to realize, however, that Experiment 53 is not an accurate 
hi of determining the percentage of oxygen in air. 

may now give the equations for the chemical reacti 

chapter, gi e eq 


‘ons considered in this 


2Cu(s) + Og) — 2CuO(s) 
copper(1l) oxide 


2Pb(s) + OX(g) — 2PbO(s) 
lead(1I) oxide 


2Mg(s) + O2(g) — 2MgO(S) 
magnesium 
oxide 
P,(s) + 50;(g) —> PsOr0() 
phosphorus 
pentoxide 


TI j 
he smouldering of phosphorus 


Phos 
sii Berne smoulders in air. The chemical effects of the sm 
ar to those of the active burning of phosphorus except fo! 


ouldering are very 
r the time factor, 


‘water. water 


Figure 97 


This can be shown by an experiment for which Figure 97 is sufficient explanation. 
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ee a sss 


Experiment 54 


More accurate determination of the proportion of oxygen in air by, 
volume 


In this experiment, we make use of the smould- 
ering of phosphorus to absorb the oxygen from 
a measured volume of air. (See also above.) A 
—Take-a-graduated-gtass-tube; closed át one 
end, fill it to à depth of about 5 cm with water, 
close the open end with a thumb and invert the 
tube in a deep jar of water. (If possible, allow the 
tube to stand like this for several hours so that 
the air is saturated with water-vapour.) Adjust 
the level of water in the graduated tube to be 
the same as the level in the jar. The air inside the 
tube is then at atmospheric pressure. Read off 
the volume of air. Now push up inside the tube 
a flexible wire carrying a piece of yellow phos- 
phorus (Figure 98 (a)). Read the temperature of 
the laboratory and the barometer and set the 
apparatus aside until the phosphorus no longer 
smoulders. The water-level inside the tube will 
have risen to C, the remaining gas being 
nitrogen (Figure 98(b)). Remove the phosphor- 
us and then lower the graduated tube until C is 


(2) (b) 
innit after the phosphorus 
phosphorus beginning n 
atthe level of waterin the jar, giving atmospheric to smoulder oe 


Pressure again inside the tube. Read off the 
volume of nitrogen. Take the temperature of the 
I laboratory and read the barometer. 


Figure 98 


Specimen calculation ret 
Original volume of air = 70.5 c! 
Ter 14° C; pressure 755 mm 


i i = 55.0 cm? 
Final volume of nitrogen 
Temperature 12 °C; pressure 760 mm 


ta anavartad 


to the volume ; 
The volume of nitrogen must first ve S2- me it would 


occupy at the same temperature and pressure as that of the original air, 
ressure 
Volume of residual nitrogen at 14 °C and 755 mm P! 


287 760 3 
= 55.0 x 285 € 355 97 


— 55.8 cm? 
— 55.8) cm? 
7. volume of oxygen T Cee 
^. percentage of oxygen in the original air by volume 
14.7 00 
mms 
= 20.8 


In dry air, the correct percentage of oxygen is 20.9 by volume, 


kag! 
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Other gases present in air 

Carbon dioxide 

Carbon dioxide is present in air to the extent of 0.03% by volume. It is formed 
during the combustion of all the common fuels ~ coal, coke, coal-gas, water-gas, 
Petrol, paraffin oil — all of which contain carbon. 


C(s) + Ox(g) — COx(8) 


It is also breathed out as a waste product by all animals: 

In spite of the enormous quantities poured into the atmosphere in this way, 
the proportion of it remains constant, partly because carbon dioxide is taken up 
by the leaves of plants and converted to complex starchy compounds (for a more 
detailed discussion of this subject see page 237) and partly because it dissolves 


in the water of the oceans. 


The presence of carbon dioxide in the air can be shown by aspirating air 


—> attached 
to suction 
pump 


Figure 99 


through a boiling-tube containing a little lime water. After a time the lime water 


will go turbid, showing the presence of carbon dioxide (Figure 99). 
Ca(OH),(aq) + CO2(8) — CaCO;(s) + H200) 


Waier-vapour 
This sabstance is always present in the air in varying 


evaporation from the oceans, rivers, and lakes. . TY 
Its presence may be demonstrated by exposing some deliquescent icd 
say calcium chloride, to the air on a ciock-slass. ^s solution eis epe 
Will be obtained after a day or two. If this is distilled (see page 11), the cole t- 
less liquid obtained may be proved to be water by the tests given on age 


24. 


quantities. It is given off by 


The noble gases 
About 1% of the air by volume is made up of the noble gases. ‘The most abun- 
dant of them is argon, the others being neon, xenon, krypton, and helium. The 
proportion of each of the last four is very minute. Argon and neon have found 
eee in ‘gas-filled’ electric light bulbs and coloured ‘neon’ electrical signs. They 
are obtained from liquid air. 
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Impurities : 
The air always contains small traces of many gases - hydrogen sulphide, sul- 
phur dioxide, and others — especially in industrial arcas. They are given olf 
during the combustion of coal and fuels derived from it, The tarnishing of silver 
is chiefly due to the formation of a layer of black silver sulphide on it by the: 
action of traces of atmospheric hydrogen sulphide. 

Figure 100 summarizes the composition of the air. 


7 = 
CPI oe 


7836 20.9% dioxide ^ vapour gases H2S, SO», etc, 
0.03% variable about 1% į 
by volume — by volume pinto ri by rahe variabla 


Figure 100 


Exposure of some compounds to ordinary air 
Sodium hydroxide 


If exposed to air, sodium hydroxide absorbs water-vapour from the air and forms 
a solution; that is, deliquescence occurs. This is the absorbing of moisture from 
the atmosphere by a solid to form a solution. The solution then absorbs carbon 


dioxide from the air and forms a crystalline solid, washing soda, or sodium 
carbonate decahydrate. 


2NaOH(s) + CO;(g) + 9H,O(1) — Na,CO,.10H,0(s) 
If left to stand, this solid will eventually lose nine of its ten molecules of water of 
crystallization (per molecule) to the air. That is, the decahydrate efftoresces, 
falling to a fine white powder consisting of small crystals of the monohydrate 


Na;CO;.H;O. Some sodium hydrogencarbonate may also be formed as the 
monohydrate absorbs carbon dioxide from the air. 


Na;CO;-H,O(9) -+ CO,(g) — 2Nal1CO,(s) 
Calcium chloride 
Calcium chloride deliquesces in air and forms a solution. This tendency to 
absorb water-vapour explains the use of calcium chloride as a drying agent for 
gases (not ammonia, with which it combines). In this context, however, the 
relative amount of moisture is small and the anh 


1 ydrous calcium chloride is onl: 
hydrated to the solid hydrate, CaCl;.6H;0. This hydrate is also deliquescent, d 


Phosphorus(v). oxide (phosphorus pentoxide) 
Phosphorus. pentoxide: deliquesces. in-air, 
taining metaphosphoric acid, 

P,O;;(s) + 2H;O(l) — 4HPO, (aq) 


The pentoxide is also used as a drying agent for 
like ammonia. 


forming. a. colouitess-solation con- 


gases, but not for alkaline gases 


Concentrated sulphuric acid. 


Concentrated sulphuric acid absorbs water from the air, diluting itself, usually 
up to about three times the original volume. The acid is said to be hygroscopic 
(not deliquescent, this term being reserved for solids which absorb water from 
the air to form solutions). 
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The efflorescence of washing soda was noticed above. Another efflorescent 
compound is Glauber’s salt, sodium sulphate decahydrate Na,SO;.10H;O. On 
exposure to air it loses the whole of its water of crystallization. 


lron(II) sulphate heptahydrate 


Iron(II) sulphate heptahydrate FeSO,.7H;O is also efflorescent, i.e., loses water 
of crystallization on exposure to air. In addition, it undergoes oxidation by 
oxygen of the air, acquiring brown patches of basic iron(II) sulphate. 


12FeSO,(s) + 6H200) + 304(g) — 4{Fea(SOx)s.Fe(OH)s (9) 


Composition of air by weight 


This estimation was carried out by Dumas, 1841. Air was drawn through the 
following apparatus in the) order shown (Figure 101). 


evacuated 
globe 


Figure 101 


1. U-tubes containing potassium hydroxide to remove carbon dioxide (only 
one shown in the figure). 

2. U-tubes containing concentrated sulphuric acid (on pumice) to remove 
water-vapour (only one shown in the figure). 

3. A heated, weighed tube containing finely divided copper to absorb oxygen; 


and, finally, the remaining ‘atmospheric nitrogen’ (still containing the noble 
gases) entered a weighed evacuated globe. 

The increase in mass of the copper gave the mass of oxygen, and the increase - 
in máss of the globe, the mass of nitrogen (and noble gases). 

Neglecting carbon dioxide, the percentage of oxygen by mass in dry, pure air 
is 23.2%, the remainder being nitrogen and noble gases. 


Air — mixture or compound ? 
The evidence on which a decision on this question can be reached is given below: 


(1) The composition of air is very nearly, but not quite, constant. Small, but 
definite, differences of composition have been detected when samples of 
air from different parts of the earth have been analysed. 

(2) (a) If air is dissolved in water and boiled out again (see page 243), the 
percentage by volume of oxygen in the air boiled out is increased from 
21% to about 3076. No chemical reaction is involved here; the composi- 
tion of air has been altered by a physical method; which depends merely 
on the fact that oxygen is twice as soluble in water as is nitrogen. 
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(b) If liquid air is allowed to evaporate, nitrogen evaporates more quickly, 


leaving almost pure oxygen. Here again, the gases of air are separated by a 
purely physical process. 


This evidence alone is sufficient to decide that air is a mixture. Confirming it 
are the following facts: 


(3) If nitrogen, oxygen, carbon dioxide, water-vapour, and the noble gases are 
mixed in appropriate proportions, there is no explosion, evolution of heat, 
volume change, or other evidence of chemical combination, but the pro- 
duct resembles ordinary air in every way. 

(4) The composition of air corresponds to no simple chemical formula such 
as it would be expected to possess if it were.a.compound. 


Experiment 55 
The products of combustion of a candle 


Figure 102 
1 


The products of combustion of a candle can be 


shown by the apparatus of Figure 102. 
Tho products from the burning candle are 
drawn up the funnel and through the apparatus. 
Drops of liquid will condense in the U-tube 
and the anhydrous copper sulphate will change 


to blue hydrated crystals, This Proves that one of 
the Products when a candle is burned is water, 
The lime water will rapidly turn milky (the 
milkiness is caused by a fino precipitate of chalk). 


This proves that carbon dioxide is 
from the candle, ^ le also given off 


Candle-wax contains carbon and hydrogen. During the burni 
elements combine with oxygen of the air, forming carbon dioxide and er 


water. 
C(s) + 0.(g) — CO;(g) 
2H;(g) + Oj(g) — 2H;0(g) 
Then CuSO) + 5H,00) > eee) 


Ca(OH);(aa) + CO;(g) —> CaCO,(s) + H0) 
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Most of the common fuels = coal, coke, coal-gas; petrol, paraffin oil, water- 
gas - contain one or both of the same elements as candle-wax and their products 
of combustion consist mainly of carson dioxide and water. 

Though they pass off as gases, the products of combustion of a candle should 
weigh more than the candle-wax, which has burnt. 


Experiment 56 > d 
To show that tie products of combustion of a candle weigh more 


than the candle-wax burnt 


Figure 103 


The apparatus is described by Figure 103. counterpoise it. Light the candle. The apparatus 
Suspend the apparatus from the balance hook. will; quickly gain in mass and will depress the 
of a large, rough balance, and add weights to: pan of the balance to which itis attached. 


from the air with which the carbon 


The gain in mass is the mass of oxygen à 
ng burning. 


and hydrogen of the candle-wax have combined duri 


Other kinds of combustion J 
Combustions in oxygen or air are so common that it becomes almost habitual 
‘on’ a$ if it referred to this kind of reaction alone. 


ied to any chemical combination accompanied by 
light and heat in which oue or more of the reactants are gaseous, You will find, 
, book, accounts of the combustion of hydrogen, phos- 


phorus, and copper in chlorine gas. am S 
An interesting reversal of the usual state of affairs, in which air is acting as the 
combustible material, is in the burning of gas in a Bunsen flame. When con- 
sidering such a flame in air we usually refer to the gas coming from the burner 
as the ‘combustible material’ and the air as the ‘supporter of combustion’. This 
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is mainly because we live in an atmosphere of air (which contains oxygen, a very 
NB which surrounds any burning material. If, by accident, this atmo- 
sphere of ours were to consist of such gas, it would be possible to produce the 
flame of a Bunsen burner by pumping air down the pipe usually connected to 
the gas supply. Experiment 57 illustrates this, 


a —————^—^—^4—4— €^ S 
Experiment 57 
To burn air in an atmosphere of coal-gas 


————— O 3:5 0 nobeta enr dent unde wT 


Set up the apparatus shown in Figure 104, 
which consists of a lamp chimney with a square 
of asbestos (containing a round hole) resting 
on the top of the chimney. The cork at the base 
is fitted with a glass tube for a gas inlet and a A 
mica or metal tube at B. The gas is turned on, 
and the aperture at A is closed momentarily 
whilst the gas issuing from B is ignited. The 
aperture at A is now opened and the gas is 
lighted. On inspection, it will be seen that there. 
is now a flame at the top of the mica tube which 
consists of air burning in an atmosphere of coal- 


gas. coal gas 


Structure of flame 


: pportunity to come i : 5 
and the inside of the flame, the leas y me in contact with the air, 


H t. 
We will consider the structure of some well-known flames: 


The flame of hydrogen burning in air 


This flame is, as we should expect, a simple one, Two zones only are produced, 
a zone of unburnt £28 surrounded by a Zone in which combination of oxygen 
and hydrogen takes place. The flame is almost invisible in dust-free air (see 
Figure 105). 
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zone of 
unbumt combination 
ges 


Figure 105 


The canale flame 

Candle-wax consists of hydrocarbons, both the carbon and the hydrogen being 
combustible materials. [t is assumed that both elements dc not burn completely 
to form water and carbon dioxide except at the very outside of the flame where 
there is plenty of air. In the bright yellow zone there is incomplete combustion 
and particles of carbon raised to a white heat are present in it to give the flame 
most of its luminosity, whereas the outside zone where combustion becomes 
complete is only faintly visible. The zone round the wick consists of unburnt gas, 
and the blue zone at the base is a zone of rapid burning caused by the upward 
rush of air (due to convection) first meeting the combustible gases. (See Figure 


106.) 


non-luminous 
zone 
luminous 
zone 
unburnt 
gas 1 
stream of gas draws in 
blue zone air from outside when 
S 7 air holes are open 
convection. 
currents of air gas—>: 
(a) b) i 
luminous coal 
candle flame qas flame 
Figure 106 Figure 107 


sen flame (air holes closed) gives a parallel with the candle 


The luminous Bun 
-gas being methane (a hydrocarbon), hydrogen, and 


flame, the gases in the town 
carbon monoxide. 


The Bunsen flame 
bon or the luminous Bunsen flame is not a very 


The flame of a burning hydrocar! k yi : : 

hot flame and deposits soot on a cold article held in it. Bunsen devised a simple 

burner (Figure 107) to ensure more complete combustion by introducing a 

Supply of air entering with the gas, so that this supply of air together with the 

external supply is sufficient to produce complete combustion. Hence the flame 

with the air holes open is more compact, much hotter, and non-luminous. The 
Figure 108, and it will be seen that the lumi- 


structure of this flame is shown in r ^ DON HERE: 
nous zone has been replaced by a zone in which the gas burns with the internal 
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supply of air. There is'a limit to the amount of air which can be supplied by the 
holes at the base, for if sufficient is introduced to cause almost complete com- 
bustion, the rate of burning of the mixture exceeds the speed at which the gas is 
moving up the tube and the flame ‘strikes back’. 


The existence of a zone of unburnt gas and zones of varying temperatures 
may be shown by the following experiment. 


Plz: Er 


gas burning with air 
mainly supplied 
poioma gas buming with air 
t supplied from base 
‘unburnt gas 


—J 


Figura 108 
oorno oe me 


To show the region of unburnt gas in a Bunsen flame 


Figure 109 AT. 
Hold a place of asbostos paper (fair, thin) Th ho 
horizontally in the Bunsen flame with a pai cy Md paper will glow at tho hottest points of t 
tongs at various levels 68 shown in Figure 109, 


The causes of luminosity of flame 


The lutninosity of a flame is affected by alterati ure 
of the burning gases and also by the dr a LCS edes a 
The presence of solid particles in a flame increases luminosity 
Sprinkle a few iron filings into th 


, mings ir * non-luminous Bunse: ks aê | 
formed as vacit part iiee fetis COMI vcr de EMT OM 


. 
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porcelain rod become white hot and emit light when heated to a high temperature 


in the non-luminous Bunsen flame. * 


Hold a cold evaporating dish by means of tongs for a minute in the luminous 
Bunsen flame. On removal, the dish will be found to be blackened by carbon. 
No such effect is observed if the experimert repeated using the non-luminous 
flams. The presence of the particles of carbon is thought to be responsible for the 


luminosity of this type of flame. 


Effect of increase of pressure 


Increase of pressure of the gases taking part in the combustion increases the 


luminosity of the flame. 


The effect of temperature on luminosity 
Lurainosity increases with increase in temperature. 


Experiment 59 
Effect of temporature on luminszity 


1 — E eee LL. 


i 
Set up;tħe apparatus shown in Figure 110, 

with a silica tube extension fitting over a Bunsen Silica tube 
burner tubo. Open the air holes and obtain the 

non- flame at tha ond of the silica tube. 

Now heat thd silica tube strongly with a second = 

Bunsen ier. Aa the silicz tube is heated, the 

flame at thb end of the silica tubo gradually 

becomes lóminous snd luminosity diminishes 

as the tube is allowed to cool. 


Figura 110 


Explosions 


i i D ions. Consider a 
Explosions result from very rapid, exothermic chemical reactions. T i 
aike of hydrogen, two volumes, and oxygen, one volume. Ud rap is 
sparked, the gases are heated to very high temperature near the spark. They 
' combine and liberate heot. 
Hs(g) + 10,(p -» H,0(); AH = —286 kJ 

i ises the temperature of neighbouring gas, which combines 
aquis Fn so on With great rapidity, The mass of gas is raised to 
incandescence in a fraction of a second ano the consequent great expansion 
produces a pressure wave in the air. The whole effect is called an explosion. 


The rusting of iron " Pyh 
The important facts connected with the rusting of iron may be ascertained by 


the following experiments: 1 
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Experiment 60 —— 
To find if "there is 


any change in mass when iron rusts 
$ <= v z 


Weigh a clock-glass containing some iron to dry thoroughly, then weigh ‘the cl 
borings,-Damp the botings and set them aside 


to rust. When rusted, place them. in; an oven: { RU 
Gn en iT grise iie > - á 

in this respect rüsting is 

to see whether the air is si 


ot K-glass 
"again. There will be agaiiin mass, 2.07! 


analogous to burning. We may now try an experiment 
milarly concerned in both. 


Expériment'Gy "oos "ama 


To find whether iron. 
rusting 


(b) 
after rusting for three 
or four days 


Figure 111 
This experiment is described by Figure 111. 
To show the character of the gas left in the 


be extinguished ; the remainin 
beli-jar in Figure 411 (b); till up; 


During tusting the iron h 


9 gas is nitrogen. 


FA as combined with the 
k oxygeri e air. Thi 

level B rises to. level A. Then J&move the stopper. tho. water-level (Fi mehr 
of the bell-jar and insert a light uda: C: 


igure 111(b)) j in i 
ed taper, [t will. (00) and the gain in 


mass (see 


Rusting and butning are similar 


Itis important tó understand Clearly that, from the chemi 


01 cal standpoint, rustin 

and burning are the same Process. During burning, magnesium ARE Wilh 

oxygen of the air, forming magnesium oxide, : = 
Dig db: 


2Mg(s) + O-(g) > 2Mgo(s) 
During rusting, iron combines with oxygen of the air in the Presence of water: (i) 
form brown hydrated iron(IlI) oxide, ‘rust’, T 


4Fe(8) + 30,9) — 2Fe,O (9), s. OR uef 
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v vett, 300382 veo $ 
The only difference is in the time required for the two processes. Heat is generated 
during rusting just as'it isduring burning; but it is dissipated to theisurroundings 
without attracting notice because of its much slower rate of production; 

It is very unfortunate for mankind that iron, which ‘possesses so many useful 
properties, should be so readily attacked by the oxygen of the air. To protect 
iron from.rusting,.it is.painted-or-galvanized (see-page-461).-Very-large sums-of = 
money are spent throughout the world on the various protective processes;..... 

We will now investigate: further the conditions under which. iron, rusts. We - 
have already seen that during rusting, iron combines with oxygen of the air, and 
it is common knowledge that iron rusts more readily when plenty of water is 
present. It will be of interest to separate these agents and find their individual 
effects. To do this, we must expose iron to the action of air in the complete 
absence of water (to water-free air) and to water in the complete absence of air 


(to air-free water). n 


"un" a 15 


Experiment 62 t | 
To find the effect of exposing! iron to air and water separately 


Figure 112 
water will rise into the rubber tube. Place a clip 


T i infi in position to exclude all;air; 5 / 
O do this, set. up apparatus as in Figure-112(a). Kenis aha, dea Kee qq l ARASEN 


(a) Exposure of iron to air separately 


The figure sufficiently explains the experiment.» 4 7 " p) a) 
T iui x neither case will rusting occur. This means that 


(b) Exposure of iron to water separately iron will not rust in the. presence of airalone or of 
t t water alone; both are néeded together to rust 


Boil about 360 cm? of water rapidly in a. beaker tt Ma 

°F at least half an hour, This will boiLallthe air tHe iton., - ; gus Y 

Sut of it. Puta fewirdn nails into.atest-tube and, -10 make sure that the nails you BY lon. 
fill itt the brim with fho Boiled water.Pressinto actually capable of rusting, put them Into à p 
he mouth of the testttübs a’ Hibber stopper '' tube With a little water, Jeave tha test-tube ppan 
Carrying a glass tube and rubbertübe'as shown 10 thé air; and notice:the result after'a day 

P Figure-112(b). (Note that the glass tube must’ Wo (Figure 112(¢))." 


flush With theibottont c por.) The fe UE 


E us eae i i : tà ces, air and 
What we have done in the above experiment is to take two substa ĉes, k 
“Water, which norma Y on iron together and test the Her DE E Ei dn 
"is the favourite device of scientists. It is only by finding out the effects p 
by one agent at a fime that reliable information can be obtained: 
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Oxygen and carbon dioxide in life-processes. Photosynthesis 


The following experiment is designed to show that carbon dioxide is present in 
the air expelled from the lungs of a human being. 


a End 


Experiment 63 - 
To detect carbon dioxide in expelled air from the lungs 


Set up the apparatus shown in Figure 113. the air so th: 
With the clip A open and the clip B closed, in D. Repeat this si 

breathe in air through the mouthpiece M. inCremains talna The lime water 

The air bubbles through the lime water in C. — turned milky, le that in D is rapidly 

Then close clip A, open clip B, and breathe out 


Leen ee ee 
This must mean that during its occupation of the lungs, the ai f / 
proportion of carbon dioxide, which reacts with the lime sair has increased its 
precipitate of chalk. ater in D to form à 


Ca(OH);(aq) + CO2(8) — Caco,(s)_+ H,0() 
2 


At the same time, oxygen is absorbed from the air Tm 
loose compound with the haemoglobin (the red Aree 
blood corpuscles. ne 

The use of the oxygen and the presence of carbon dioxi 
briefly as follows. The process of digestion converts Si ide may be explained 
compounds which are either soluble in water or cac z Ood materials into 
soluble compounds are absorbed into the blood as the pona Sified with it. The 
small intestine. They are carried round by the blood.srreq Passes through the 
replace wastage and maintain growth in the body. rj, 63m and used either to 
movement of the body and to maintain its temperature oF to supply energy for 
perature usually considerably higher than that of gurp about 37 °C, a tem- 
energy is supplied by oxidation of the soluble progyeqy sanding objects, This 
for example, a sugar. d eerte ae Sugar ig deiestion, Consider, 
burns vigorously, giving rues 'Wn on, ii 
cron dene emer Th eaten Pose gage tantuin 
occurs in y 2 en from i 4 
haemoglobin to oxidize the dissolved sugar For T loose coat producter 

i Biven nw 


he blood forming 4 
Matter) of the red 


Quantity of sugar 


Teason f, 
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Oxidized, the same amount of heat is given out whether it is burnt rapidly om tne 
fire or oxidized more slowly in the body. 

CeH120,(s) + 602(g) — 6CO.(g) + 6H20(); AH = —5865.kJ mol-* 
This is the source of the body’s heat. The waste product, carbon dioxide, is 
carried round in the blood (chiefly as hydrogencarbonate) and is liberated as the 
blood passes through the lungs, from’ which it is breathed into the air. The 
breathing process of animals is similar. s 

It has already been pointed out that all common fuels give off carbon dioxide . 
when burnt. Living animals also discharge carbon dioxide as we have just seen. 
There must obviously be some agency at work using up these vast quantities of 
carbon dioxide and restoring the oxygen absorbed from the air during combus- 
tion, for otherwise the composition of the air would change appreciably. 

This agency is the plant life of the world which is at work restoring the balance. 
With the help of energy from the sun and with chlorophyll (the green colouring 
matter of leaves) as catalyst, plants are continually building up carbohydrates 
(e.g., starch and sugar) from water and carbon dioxide of the air. 

Carbon dioxide + water + energy — starch + oxygen 
Oxygen is liberated and passes into the air. Notice that this process (photo- 
pitt is endothermic. The energy absorbed is released again when carbo- 
hydrates are used as food and oxidized in the blood-stream to carbon dioxide 
It is obvious that the waste Exe carbon dioxide, 
breathed out by animals and given off by carbonaceous is the raw material 
from which ities build up carbohydrates. The waste product, oxygen, from the 


food materials 


from the simple compounds, cari n 
have these complex terials available as food and break them down by diges- 


tion into simpler substances. 


Experiments illustrating the above brief outline will be found described in any 


elementary textbook of biology. 
Questions and water is neces- 
FSi presence f both air s 
fonaa whether a sample of each of the the Pfor iron to rust (0) 


Wing would increase or decrease in à i 
if left exposed to the air. Give à 4, Give three reasons in each case why (a) air 

niet your answer in each case: (a) i i 

iq, g e Solution, (b) concentrated sulphuric ^ oxygen, (b) 


d, (c) conce, Er ai and a= 
d trai f hydrogen and oxygen. 
2) Geum onde MLA) egw a diagram of the, appara yon 
" a 
form to imple experiments would you per- would use to OD How would you deter- 


ight? Show tha i is solved in tap-water. i i 

eA Soluble im (ope QU ammenlum mine the proportion of oxygen in the a ie 
à, dissociates when it is heated, (c) a obtained? How att portion of oxygen in 

Carbon mPosed of compounds contain- differ from O. and C.) 

air ang’ hydrogen, (d) iron requires ordinary air? (O. ano gases present in each 

- Describe cro ture for rusting? (J.M.B.) — 5, Name the fwo mi and give tlie 


f : T E 
Srperimente Vith the aid of sketches simple of the. foll wroportion by volume of each 


Would set up to show that approximate 


SA edan uo o4 ne x A tot: 57 
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gas in the mixture: (@) air, (6) water gas, 14: Air is: al mixtarevof various WE the 
{©) the gaseous mixture obtained by warming experiment -was carried . out, us tigate 
concentrated “sulphuric acid with oxalic" “apparatus shown in Figure 114, bee, 
acid.(J.Ma EN. the composition of air and to obtain à E was 

6: Give two: conditions forironito! -.of nitrogen. from) it.; The metal rid» slowly 
rust. Give. also. fwo Nays-of preventing the... strongly heated and then water i bles of 
formation of rust. (S) Pipette Leave Ae ed 

n ‘at F'were Tio! T ea] 

7. Give the "necessary for iranito;, Wy Wine ees firsts bubbles of 2% 
is often coated with »escaping at £ not collected ti! c e oem 
isthe name of "UTE lime-water in B changes in ap this 

( di gue during ibe experiment: Describe 

3 ssa tone in each, instance why? c. «nec and'éxplain why it occurs: ” 

(a) air is said to 564 mixture Arii not a conr 7146) Wit is-tlic-reasón for asig tiquecus 

Pound: (b) ethene:is:said'to ty i 


b Said ito be unsaturated,» sodium hydroxide in: botde Gust v 
(Q. washiag. soda. crystals. aro! Said ito be 5 (6 Concentrated» sulphuric; acid: ne it 

lorescent, (d) the addition of cencentrated. quently. used to dry à vas. Explain. 
sulphuric acid to Water.is said 


hto be,exo- Would not bé used ia thie U-tube. D. which 
E UTC Se) Name a’ suitable crying agent 
9. (a) Desigi*and” describe ‘A “quantitative “Cold be used in the U-tube D. SIUE 
ver Dy e aiman ey yf Cot Mene oM 
i yo eee etme. MET Qao tuined bladek during the experiment? 
i =" A € alloy were T 5 roury a 
(i) easily 5xidized, (ij) rust resistant? Dos VE) Explain why platinum: andie tube 
(by d£. the alloy were attacked.) what ine c metals to us io S 


experiments Mould: you: set^up. to Gini fS t didloric MAS What does 
rl DT Y UU Oy Nitrogen is! didtomic eds: Wh. 
SEEQIEri v Rich Parts of the air cause the, diatomic 2? t nw t 


B EE con at 
(c) How f$ air prevented from attacking! | «(0 What isithe density of pure ni&pg n y 
iron on (i).the blades) ofa lawn x 


mower, .; 100m temperature and pressure in g QD: 
(ii) a metai:dustbin, (ij) Cutlery? (MB) 


1050) Explain what 


in the 
) The sample of nitrogen collected in th 
you uinderstary 
term: photosynthesis: 
mé 


: experiment’ has '4- greater density than ex 

d by the. pected, What cónclusioit cari be made about 

Sieh case pone qr. ae el ferirt ar 

osnhs dicar use Pollution oi n. a further. men I % 

pollution yu nate the Sources, of. the Produced was then passed over heated mag 

minimize j Steps bei ito "nesiuni; Which Combines with nitrogen. xil 

; 155 Effects. (e) q ‘ form ‘@!non-vélatile’ solid? A’ very a dà 
"respirar; st” /as applied to fuels, ^ volume of pas vas ttien collected; Wha 

(Odor piration’ S applied: to, animals; you think this gas could be?-(L:) 


i — lack 
15. When coppers heated in^air, 8 b 
11. What: Báppens; when Aie following sub-<i substance is fannen ten would you prove 
stances are exposed to the air: (a) quicklime, that the copper had combined. with Sn how 
ide, (c) washing soda clement to form this new substance, an tis? 
calci qua you determine what this element 1s 
? experimentally your (J.M.B,) 
answer in one case? G.M.B) 16: Ifa’ green? plait is placed in a Ross 
cointustion Qe mae By the te doit deir daylight, What: hange 
Combustion? Give two examples of com: would you expect to result in the comi eu 
Hon in’ which oxygens plays -ing Part tion of the air? How would you demonstrate 
Describe ‘experiments which iistratesthe that these changes Dci i To ee seh! 
resemblance between ithe ‘Combustion of a attribute them? (O. and C.) E } 
candle and’ the ‘rispiration : 
animal, giving sketches ofany 
would! use: > 


su 
a 
f 
B 
5 


mero egard- 
17. (a) Gi: briefly sree. reasons for regar 
PParatus you ing atas à a mixture and not a fomingpnd. P 
7 ‘ À (6) How would you determine the A 
13. An ordinary parafii candle consists of oxygen ina given volume of air? Sketch the 
Carbon and hydrogen Jn combination. State apparatus you would use and show, ysing. an 
/ le i im imaginary case, how you. uld work out 
iment in support of Caxulation. — ' š os Dots rie A -A 
etch of the appara- (c) Describe briefly how you would deter 
tus you would use to Show that the mass of mine the volume of Oxygen in & sample of air 
h : ni ! confined over water in an eùdiometer tube. 
Mass of the candle consumed. G.M.B.) (MB) 
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= sihi i detail «ejos Would pro- 


^in "order: to rém ve comi letely” the 
s: i fade 


719: (a) cpi gė 
pil dieci tie effect of dis- 
Es ed substances-on the'rate of/£o! of 
PR pale ee tbo: following g S ieotiron 

ce si jeces. of. 
HUE oct arid TES one in each of 
mee testtobae seti up as shown in J Figure 


Duce tem? ofa spinien ef pee ata 
"etrate(TID) la eon rok tutes, On inspects 


ing the tubes à fei Vis E T found that _ 


‘corrosion’ was most marked be A, but 


ii there was no appreciable d difference in 
? extent to which the iron i tubes B and [e] 
(i) Why was. it-nocéssary?to polish the 
picces of iron iron before the experiment ? (ii) How 
M [on "dddition of potassium. ferricyanide 
bin to compas He ie Heap oson? 
a reason 

a oa entoride in the wie ah Saree 

up S borrosiob, ‘whereas that of cy des 
p aie bes 

hot water, Paystems 


[0] Plumbers 
should not use ror brass nuts to con- 
to "iron 


dion ie allow any copper trimn sees 
pipes to’ ey jn: such ae 
HE 


Win is T meant, by galvanized iron? 


"ES theabove gesti should 


di 


m 
23 Water and Solution 


Water is essential to life 


to life and growth, but since it is not everywhere 
available its Provision has, from the earliest times, limited the setting up of 


ng, Cooling, raising steam to 
drive engines or turbines to generate electricity, and as a solvent in industrial 
Processes far too numerous to mention. It is the 


oft (see page 248) it will attack 
ied. If acids are Present from decaying organic matter, 
Sufficient lead may be dissolved by the 


water comparatively free from the bacteria which 
The dey 


ure steam boiler, for the driving of machinery 
of all kinds, been impossible but for the solving of the problem of 
how to obtain water of a suffici 
boilers, 


ently high degree of Purity for use in these 


Occurrence of water 
Pure water does not exist in 
all over the world, varyin, 
districts (which contain 0.0005% of Water, in which the 
impurities reach the comparatively high Proportion of 3.6%, (In certain lakes 
the proportion of solid matter is even higher.) 

Purification 


A sample of fairly pure water can be made from Tain wa 
water by the process of distillation. The 
heated to boiling. The 


tot j ogether with gaseous impurities) whilst 
the solid impurities are left behind, The Steam is condensed to water in the 
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condenser. A pure liquid distils at a constant temperature which is ii iling 
" EH hi ili 
ER at the pervane pree (for water 100 °C at 760 sam) ms P ER 
recognized test i iqui ional distillati 
= for purity of a liquid. For fractional distillation, see 


Pure water 

The preparation of perfectly pure water (or as near to perfectly pure i 
unusual solvent powers will allow) is a matter of inch litical It bs seed 
for conductivity experiments by as many as twenty successive distillations from a 
pure tin or platinum retort into a receiver which has been cleaned by having the : 
purest water then obtainable kept in it for ten ycars! Potassium permanganate 
is added to the impure water in the earlier stages to oxidize organic impurities, 


Properties 
Water is a clear colourless liquid with an insipid taste. It is usually recognized 
in the laboratory by its capacity to turn anhydrous copper(II) sulphate (white) - 
to a blue colour. 

CuSO,(s) + 5H;O(l —- CuSO,.5H;O(s) 

copper(ID water hydrated D 

sulphate sulphate (blue) 
This test, of course, merely denotes the presence of water and not the absence of 
everything else except water, e.g., & dilute solution of sulphuric acid would turn 
anhydrous copper sulphate from white to blue. Pure water has the following 
properties: 


(a) It freezes at 0 °C. 
(b) It boils at 100 °C, when the barometer stands at 760 mm, and pure water 


will boil away completely with no change in temperature. 
(c) Its maximum density is 1 gcm-? at 4 °C. 
(d) It is neutral to litmus. 


Water as the universal solvent 


because of this solvent effect. PR 
quantity of both: 
x 


, Experiment 64 
To show tap water contains dissolved solids 


appearance of clook-dlass 
after evaporation 


po vow nta Figure 176 


Fill à large clean clog. 


“alas with tap wateranid™ you will Obseive 3 largo Humber of Concentie 
Sveporete it down ito: drynsbs!on &steam: path» Tings of solid thatter feft aè the water gradually 
as shown, in. Figure 116, On: holding thargiass) - Bd sJedolus wig 

Up to the light 


or against a Sheet of White paper, 


Figure 117 


Use in this experiment a burette into which which are fitted a delivery tube and a short 
will fit the absorption cup Shown in Figure piece i i 
118, 


Fill a flask with water and put in a few piecas of 
Porous pot. Insert a two-holed rubber Stopper to 


noD emar wai & DAS 
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stopper). By attaching the small piece.of glass and these will collect and be carried over into the 

tubing to the tap by mezns of«a.mibber tube — burette, Boi! the water until no more gas is given 

the whole apparatus (including=the | delivery off. The gas can be shown to differ from air in 

tube) is filled with water (Figure 117). As the that its oxygen content is much higher, and the 

water is heated, bubbles of gas are sean & cc gas boiled out will rekindle a glowing splint. 
28A j aA 


* 


Experiment 66 m 
To determine the volume cf oxygen in the air boiled out of water 


= 
Fill the cup with crystals of pyrogaltol end 
water to fill up the air spaces. (See Figure 1 
Hava ready a piece of solid caustic soda (make 
certain that it will ba;able to enter the burette),-- 
" insert it into the burette and follow it quickly. : 
with the absorption cup. Invert the burette 
several times and release,tha cup under water. 
„Transfer the, burette.to.a.deep.gas-jan lower it === 
, until the levels aro the same inside and cut, and 
note the volume of gas absorbed. The percentage 
of oxygen in this air will be more than 30%. 


sarama nora 


: Value of these dissolved gases to fish life n $ » 
so The oxygen of the air dissolves in water to the-extent of only 4 Volumes of 
oxygen. in-100 volumes of water (7.e., 1 dm? of water conthins only a maximum of 
40 cm? [or 0.06 g] of oxygen). Although this amount is only very small it is of 
portance to fish life, The fish-(with-a-few'exceptións) rely on this 
or breathing,-in just the same way as we rely of the air around us, 


is OXYBEI 


Chemical value of the solvent properties of water 

Use is made in the laboratory of this exceptional property to bring into very 
close contact the particles of reacting substances. When the particles dissolve 
in water they have an opportunity for movement which they do not have in 
the solid state. Under these circumstances many reactions take place which do 
not take place if the reactants are solids (see ionization), e.g., 


AgNO,(aq) + NaCl{aq) — AgCl(s) + NaNOs(aq) 


The above reaction will not take place if common salt and silver nitrate are 
ground together in a mortar, because the average distance of the particles from 
one another is too great. T 

In the above cases the water acts as a medium in which the action takes place. 
It does not as a rule react with the substances. The chemical actions of water, 
however, as an oxide and as a hydroxide producer are extensive. 
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Action of water on metals 

x je 
Ca ("ue 
Mg 

Ab [Attack 
Zn Steam 

Fe 

Pb 

= Do not attack 
Ag {Water or steam 
Au 


By an examination of the electrochemical series it is easily shown that water 
Packa the metals to a degree varying with ther maniare a p OMA 


: un- Off (hydrogen) which burns spontaneously 
Omtised metal as it is cut with a knife): un 


ing of small quantities of potassium vapour) — 
Potassium See Figure 119, 
2K(s) + 2H30(!) 
E Potassium water 
—* 2KOH (aq) ---Hs(9) 
potassium 
Figure 119 hydroxide 
ne cleumstances should 
larger than 


\f a few drops of phenolphthalein indicator 
2 3 mm cube ne ee Mitte! he are placed in turn fed. 
Vigorous. Stand well back fron pissy 


Of the presence of potassium hy- ^ 
the dish as the droxide, which is an alkali. 
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is packed tightly into s sodium (soo 


to bo hydrogen. í 
2Na(s) + 2H,0(I) — 2Na0H (aq) 
sodium water sodium 


Experiment 69 ( 
Action of calcium on water = \ 


Drop a piece of calcium (a grey metal) into à 
dish of water and invert aver it a boiling- 

full of water. The calcium sinks, unlike thé 
potassium and sodium ; there is effervescence, 
anda gas (hydrogen) is given off which explades 
if mixed with air and a flame applied (Figure 
121). 

* “The calcium gradually disappears anda white 
milky suspension is produced. This is because ` 
the calcium hydroxide formed is- only. slightly 
soluble. ff the suspension is carefully filtered 4 
to give a clear solution, carbon dioxide can then 
be blown through to give the usual suspension 
of caicium carbonate. 

-Ca(s) + 2H,0(1) 
calcium water 
—> Ca(OH);(aq) + H2(9) 
calcium 


"DENEN it N a — 


la in a hard glass test-tube by. 
blowpipe flame until the tube is 

9 at the open end whilst the glass. 
Put coil of 15 cm magnesium... 
be, add 2 or 3 cm? of water, 


burn as it meets the Outside air, ^ avposyy! oc 


Va): Hio(9) e Mo Og) : 


Oxide ` 
lon 


Tron does Not attack water (rusting takes place. only When-air 1s present ag well) 
but is Teadily attacked by excess of Steam at red heat, Y owe e 
SFe(S) + 4H O(g) > FesO.@) + agp (gj 

i Ars Steam triferric hydrogen 

. of iron) gen y its 

The above Teaclion can be made to proceediin the reverse direction by Passing 
excess of hydrogen over ide OP iron (see Page 187)" s 


ata whi 


mixture of two acids; mie 
CL;(g) + H50() = OCi(agy ae Hoe : 
d (aq) 
chlorine Water $ Eypochlorous hyd D 


Action of water on oxides 


Potassium oxide 


is attacked by water with the formation 
hydroxide, 


of Potassium 
K;O(s) + H;O() — 2KOH(ag) 


potassium water potassium 
oxide 
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Sodium oxide is similarly attacked by water with the fo i i 
ee rmation of sodium 


Na;O(s) + HOD > Sones) 
oxide m “hydronide, "^ 


Calcium oxide, (quicklime). Piace a piece of quicklime in a "aish and add water 
a few drops ata time. For a little while nothing is observéd and then water- 


Vapour is seen to come off, whilst hissing sound as the waterdrops-of indicates ~ 


that the mass is becoming hot. It commences to expand’and ‘crack, and finally“ 
crumbles to a powder, known as s/aked lime. 


ee) + H50(D > Ca(OH)2(8) y to 
calcium water " 
oxide bon Bydroside at 
(quicklime) | r ` (slaked lime) 


The above three. hydroxides. are soluble. in.water (slaked lime oni slighty)” 
and together with ammonia solution form:the common alkalis.’ 


Sulphur dioxide teacts readily with water to form. ‘sulphurous pois « T 
5.S0,(g) +-H20() + HSOs(aq) " erioet 


sulphurous ] ) ) tong 
acid TE 


Sünilarly, other acidic ciis form acids with water; eg; 
sose) HHO a 


Ic 
E m = 
2NO,(g) + pos 3 BNO, + HNO;(a9) « iy z 
ps Dacia si v add aude 
COx(8) ¥ H;0()* - gend 


Sene acid aidés scd 


Action of water on chlorides _ 

See Chlorides, page 385. E g aba 

Action of water on certain metallic carbides 

Calcium and aluminium carbides react with water forming t ‘the hydroxide of the. 

Metal and hydrocarbons. x 
Cacao + 2H,0() >. Ca(OH) (00) + CRO 


ALCs(s) + 12H,0() > 4AKOH)s(aq) done 


Composition of water 

The fesults, of experiments already performed indicate clearly thát water con-. 
tains hydrogen and oxygen. If hydrogen is burnt in oxygen or exploded with it, 

Vater is produced (page 304) and nothing else, It remains to find the mumber of 
atoms of each element which is present in the molecule. 


js 
experiment described on page 126 show 
one volume of Oxygen and two volumes 
/ that the formula for steam is H,0. 
i thesis of water from its e 
is. On electrolysis of water (see page 155), weil 
i twice that of the oxygen liberated, 


found On the earth’s surface. 


in a country dis 
carbon dioxide (dissolved as the rain drops P: 


and kind of impurity he 
water runs, If the wi ly 
granite, the river water may be near 


E 4 large 
Practice many Springs and rivulets feed the 
river from which a town's supply is obtained, and the impurities are often 
the same as those of spring water. 
Spring Water is w. 


re 
t ride, silicates, nitrates, ammonium salts, as W 
as the gaseous impurities already mentioned as being present in rain water, €^ 
Oxygen, nitrogen, and Carbon di 


water (1: 500) and hence some of it 
Contes into Contact, ü 
a use Water which contains carbo 4 
one or chalk (which is pe 
reaction is capable 5 in Practically a Is art 
those consisting of limestone ete t hilly SPY 9f large areas, particularly 
of caves (see Page 251) 5 apt Is 


x jon 
Tesponsible for the formatio 
and oft tacular gorge scenery. 

i 


a(8)—> Caco )2(aq) 
(insoluble Water arbor ela 
g 2 dioxide hydrogencarbonate 
It will be obvious that an the more soluble substances present on the face of 
Bas bed neti” A See the course of past ages, except where rainfall 
Chile (see page 439), ^ deposits in the Atacama desert of n 
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The nature and method of manufacture of soap 


Soap is the sodium salt of an crganic* acid. One of the commonest soaps is the 
sodium salt of stearic acid. (octadezanoic acid) C,,H,;CO,H, and has the 
formula C,,H45COsNa, sodium stearate. It is important to notice that, for all 
its complex formula, soap is of exactly the same chemical nature as common 
sali NaCl. Both are sodium saits of acids. The complex group C,;H355CO;— 
of sodium stearate corresponds to the Cl of sodium chloride, For GULIODHES 

the formula of sodium stearate is often written NaSt, the St being used as a 
substitute for the stearate group C,7HssCO.—. 

Soap is manufactured by heating yegetable oils (such as palm oil or olive 
oil) or animal fats with caustic soda solution. The oils or fats are compounds 
formed from glycerol and certain complex organic acids, such as stearic acid. 
e caustic soda liberates glycerol from the fat and forms the 


mentioned above. Thi 
sodium salt of the acid, which is the soap (caustic soda is sodium hydroxide). 


Fat or oil -+ caustic soda — soap + glycerol 


Soap is manufactured by steam-heating the fat and caustic soda solution in 
large pans. Common sait is added later and assists in the separation of the soap 
which, when cool, sets as a hard cake on the surface of the liquid. It is removed 
aud purified, dyes and perfumes being added to produce toilet soaps. 

The manufacturing process can be illustrated in the laboratory, using mutton 
fat or lard, Put the lard into an evaporating dish and add to it a solution: of 
caustic soda to which methylated spirit has been added to quicken the action. 
Heat the dish on a steam bath. When all the liquid has evaporated off, a yellowish 
solid will be left. It is impure soap. : 

"The soap cleanses by dissolving in the water, loosening the particles of dirt, 


and the whole (soap, water, and dirt) can then be washed away. 


Cause of hardness 
Now if there happens to be a calcium compound dissolved in the water, the 
soap is precipitated in the form of calcium stearate (which appears as à ‘curd’), 
the latter being insoluble, e.g., 
2NaSt(aq) + CaSO,(uq) — Na,SO,(aq) + CaSt;(s) 
sodium calcium sodium calcium 


stearate Lee sulphate stearato 
(soluble) (soluble) (soluble) (insoluble) 


Until the whole of the calcium compound nas been acted upon by the soap, none 
of the latter can form a lather. Thus, with a hard water, a large amount of soap 
is used to precipitate and remove the calcium, and only a small extra amount to 
cause a Jather. 

In this way the valuable stearate group, which loosens the dirt, is lost com- 
pletely, since it would be just as useful to try to wash with insoluble calcium 
stcaraie as any other substance insoluble in water, for example, arbe or 


iron. 
"This is not the only reason why hardness must be removed. Where water is 
aicium sulphate and mag- 


used for boilers. certain of these solid substances (c: p nd; 

nesium silicate being the worst offenders) are left behind as 'scale on the iaside of 

the pipes of the boiler-as the water is evaporated off. As this scaic increas =`- 
X 

328). The chemistry Of car 


A An organic compound is a compoi f carbon (see page 
#0 complex that it is conveniet to treat it sè ly from that of other elements aa “organs 
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ich th? 

thickness, the bore of the pipe becomes smaller, and the walls a tp using 

Pipes are made become heated to a higher temperature than is normal, 

the pipes to weaken and finally burst, in-domestic and 
Synthetic detergents have been introduced to Teplace soap in i a hydro- 

laundry work. A typical detergent is made from a complex alkene, i.e., a 

carbon of the type, C,H>,, where n is 


is first 
between 12 and 20. The alkene is 
sulphonated by concentrated sulphuric acid 


to its sodium salt by sodium hydroxide soluti, 
example is the following, 


rti 
; the sulphonate is then ogee 
on. The sodium salt is the de 


CisHag + H,SO, > C,5H;,.SO,H 
CiHs,.SO,H + NaOH —> C1sH31.S0,Na + H,O 


E f -soluble 
This detergent resembles sodium stearate (soap) in possessing a long fat 
carbon chain, CisH3,—, and a water-soluble end-group, —SO,Na. 

etergents of this kind 


oluble 
ve two advantages over soap; they are ee i. cium 
ed by hardness in water. This is because the 
Salt of the detergent is sol i 


the 

water artificially prepared ars added to make up 

losses which are inevitable, ds of 
Removal of calcium as calcium carbonate (chalk). Many of the method 

Tendering a hard Water soft have as thei 

calci i 


Temporary hardness 
Hardness which is due to the Presence of Calcium 
removed by heating the wa T to boili 


! tei iling for a fe 
the calcium hydrogencarbonate into En i a 
dioxide is expelled, 


arbon 
cium carbonate (chalk) and carbo 
CHICO) ™ BCs) + HON + cou) 
hydrogencarbonate calciu w carbon 
Gasol dioxide 
Because it can be Te; 


+. given tO. 
Moved merely by boiling, the name ‘temporary’ is given 
this type of hardness, This method of Temoval would be expensive on the larg? 
scale, 


Furring of kettles 


i hydrogencarbonate the insides Gr 
With a layer of calcium carbonate caused by the decom 
position of the hydrogencarbonate according to the éqnation Thee above. 
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Stalagmites and stalactites 


These pillars of almost pure calcium carbonate are made by w; ini 
dissolved calcium hydrogencarbonate dripping from the foo. ede 
a cavern, Some of the calcium hydrogencarbonate decomposes, givin ue 
carbon dioxide into the atmosphere of the cave, and depositing calcium cats 
bonate a little at a time on the roof and floor. This deposition causes a stalactite 
to grow downwards from the top of the cave and a stalagmite to grow upwards 
from the floor of the cave, until after a time the two meet. The growth varies 
very much from small fractions of a cm to 100 cm or more per year. 

If a sample of stalactite is available, its chemical nature can be demonstrated 
by the tests given below. 

(1) To.a piece of the stalactite on a watch-glass, add a few drops of pure 
concentrated hydrochloric acid. Take up a little of the mixture on a platinum 
wire (sealed into the end of a glass tube to act as handle). Put the wire into the 
lower half of a Bunsen flame. A brick-red coloration shows calcium present. 
(At first, the yellow flame of sodium may interfere, because sodium compounds 
are very common impurities.) 

(2) Put two or three small pieces of stalactite into a narrow test-tube and add 
dilute hydrochloric acid. Effervescence will occur. If the gas is passed into lime- 
water and the liquid is shaken, it will show a white turbidity. That is, carbon 
dioxide is evolved, proving the test material to be a carbonate. (A hydrogen- 

f carbon dioxide with this acid, but only two common 


carbonate also gives o d 1 t 
hydrogencarbonates exist as solid in ordinary conditions—NaHCO, and 


KHCO3,.) 
CO;?"(ag) + 2H*(ag) > H200 + COa(8) 
‘That is, the stalactite contains calcium carbonate, probably slightly impure, 
ly show a ring structure similar to that of a 


In cross-section, stalactites usual! 
tree trunk. This occurs because the summer rate of deposition of chalk is more 


rapid than the winter rate, temperature being lower in winter. 


Removal of temporary hardness by addition of slaked lime 


Temporary hardness can be removed by the addition of the calculated quantity 
of slaked lime (excess of lime would cause hardness on its own account). The 
amount of limeis calculated from a knowledge of the hardness of the water and of 
of the reservoir (Clark’s method). 


the capacity 
Ca(OH),(s) + Ca(HCO;).(aq) — 2CaCO,(s) + 2H,0() 
elgked lime calcium . calcium water 
~ (lightly hydrogen- ' carbonate 
carbonate (insoluble) 


soluble) 
A third method of removal of wmporary hardness is to add sodium car- 


bonate. (Permanent hardness is also removed at the same time.) 
Na,COs(aq) + CaHCOs)s(20) — 2NAHCOs(aa) 5 Caco. 


Permanent hardness 


This is due mainly to the presence of d 
be decomposed by boiling, and hence the name 
of hardness. = 

It is most easily removed by the addition of washing soda crystals to the water, 
when a precipitate of insoluble calcium carbonate is thrown down and thus 
prevents the calcium from interfering. (You shovld make yourself quite certain 


issolved calcium sulphate, which cannot 
‘permanent’ is given to this type 


5 
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of the reason why soluble calcium sulphate can cause hardness, whereas insolu- 
ble calcium carbonate cannot. See page 248.) 


CaSO,(aq) + Na,CO;(aq) > CaCO,(s) + Na;SO,(aq) 
calcium sodium calcium 


sulphate 


carbonate 
(soluble) 


carbonate 
(insoluble) 


= A OC —ÁÀ 


Experiment 71 
To make temporarily hard water 


Bubble carbon dioxide into lime-water in a 
flask for about 20 minutes. The precipitate at 
first formed will have dissolved to form a 
temporarily hard water. 


Ca(OH)2(aq) + CO2(g) 


lime-water carbon 
dioxide a 
—* CaCO;(s) + H20(1) 

calcium ‘water 
carbonate 

CaCO;(s) + H20(!) + CO2(g) 

calcium water carbon 

carbonate dioxide 
=> Ca(HCO.);(aq) 

calcium 

hydrogencarbonate 


To make permanently hard water. Add a little 
gypsum or anhydrous calcium sulphate to water 
in a flask. Shake and allow to Stand, decant off 
the clear liquid; you will find it will be per- 
manently hard water, 

To make a soap solution. Scrape shavings off 
a tablet of toilet Soap. Weigh out about 6 g of 
shavings and add to about 100 cm? of methy- 
lated spirit in a beaker on a water bath. Warm 
and stir. When dissolved, transfer to a one dm* 
flask and add water to make up about one dm?. 

Shake and allow to stand. ^ 

N.B. Since the composition of soap is variable 
the above solution need not be made up with 
great accuracy, nor are the Teadings to be 
taken asa mathematical comparison of hardness, 
in these experiments the hardness of 
various waters is being compared, 

Fill a buiettc with the soap solution and place 


Experiment 72 


25 cm? of distilled water by means of a pipette 
into a conical flask. Run in 1 cm? of the soap 
solution at a time, and, between additions, cork 
up the flask and shake. When a lather is 
obtained, which persists unbroken for two 
minutes, the titration is completed. You 
will easily see the difference between a ‘curd’ 
(which is formed when soap solution is run into 
a hard water) and a lather, as the former breaks 
very quickly and the latter consists of many tiny 
bubbles which reflect the light from the windows- 
When you have run 30 cr? of soap solution into 
8 hard water, you need not proceed further. 
The water is hard. Having obtained the result for 
distilled water perform the following experl- 
ments. 

To show that boiling softens temporarily hard 
water, Take 25 cm? of the temporarily hard 
water made as indicated above and titrate 
against soap solution. Notice the curd which 
forms. 


Ca(HCO;);(aq) + 2NaSt(aq) 


—> CaSt,(s) + 2NaHCO;(aq) 
calcium 
Stearate 
(curd) 


Take another 25 cm? and heat to boiling on 8 
tripod and gauze. Notice that a milkinoss ap- 
Pears (chalk). Cool, titrate against soap 
Solution again, and note your result when à 
ether is obtained which remains unbroken for 
two minutes. 
Ca(HCO;)2(aq) —- 

CaCO, (s) + H20(1) + CO2(9) 


To show that washing Soda crystals soften permanently hard water 


Tittate 25 cm? of the permanently hard water 
and record your result. Take another 25 cm? of 
the hard water, add a few crystals of washing 
soda, and shake until they dissolve. Again you 


will notice a turbidity due to a precipitate of 
chalk. 


Na,CO3(aq) + CaSO, (aq)—> 
Na,SO,(aq) + CaCO;(9) 
Titrate again and notice your results. They should 


Speak for themselves. A typical sot of rosults 15 
given as follows. 
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Volume of soap solution 
necessary to produce a 
lather to last unbroken 

for two minutes 


25 cm? distilled water 


2nd reading 3.0 cm? š 
1st reading 1.0 Ea Ecom 
25 cm? temporarily hard water 
2nd reading 33.0 cm? ` 
1st reading 3.0 m bent 
25 cm? temporarily hard water 
after boiling 
2nd reading 40.0 cm? 
1st reading 33.0 ch 7.0 cm 
25 cm? permanently hard water 
2nd reading 31.0 cm? 
1st reading 1.0 cm? 30.0 cm?* 
25 cm? permanently hard water to me 
which washing soda was 
added 
2nd reading ^ 36.0 cm? S 
1st reading 31.0 p 50 em 


ee oe 
* Indicates no lather produced. No more soap solution was added — the water is extremely 
hard. 


Permutit method of softening water 


The above methods of softening water (i.e., boiling and adding ‘soda’) are used 
mainly in the home for softening small amounts of water. In the treatment of 
larger supplies of water (but not so large as to be treated by the lime method) 
the Permutit process is used. Many ‘water softeners’ sold for domestic use work 
on this principle. 

Permutit is a complex substance (hydrated sodium aluminium silicates) but 
we can regard it as Na;Y (Y =/Al,Si,0s.xH20). When a dissolved calcium salt 


runs over it, ion-exchange 5 
(Na*), Y?-($) + CSO, o —> Ca?*Y?-(s) + (Na*),S0,?-(ag) 
insoluble 


The sodium permutit will finally me à calcium permutit, and it can be made 
fresh again by running concentrated common salt solution over it and washing 
away the soluble calcium chloride formed. 


CaY(s) + 2NaCl(aq) — Na;Y(s) + CaCl;(aq) 


Organic resins (beads of polymers such as polystyrene) are now increasingly 
used for water softening by ion-exchange. 


Water of crystallization 


When a few crystals of copper(I) sulphate in a test-tube are heated gently, 
a copious evolution of water-vapour takes place (which condenses and runs 
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back and cracks the tube if the mouth of the tube is not held lower than the 
bottom). The colour and shape of the crystals disappears and in place of blue 
crystals of hydrated copper sulphate, a white powdery mass of anhydrous 
Copper sulphate forms. 
CuSO,.5H;O0(s) > CuSO,(s) + SH;,O(g) 

If water is slowly added to the white, anhydrous powder, hissing is heard and 
Steam is evolved, showing that heat is generated. A blue solid is left. This 
Eberation of heat energy occurs because the anhydrous copper sulphate is 


hydrated by the water and this is a chemical action, i.e., combination of H;O 


molecules with the ions of t 


he salt. The heat generated is called heat of hydration. 


The reaction shown in the above equation is reversed. 


Water of crystallization is neces: 
and is that definite amount of wa: 


sary to the crystalline shape of some crystals, 
ter with which the substance is associated on 


crystallizing out from an aqueous solution. The crystals cannot form in these 


cases without the presence of water 
Sometimes termed ‘water of hydrati 


with which to form a loose compound. It is 
ion’, 


z m 
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Determination of water of crystallization 


Barium chloride crystals BaCl;.xH40 provide a 
suitable case. A clean dry crucible is weighed 
With lid. Two or three grammes of barium 
Chloride crystals are added and the whole is 
weighed. The cruc;5le, with lid, Is then heated 
on a pipe-clay triangle on a tripod, gently at 


of crystallization. The whole is allowed to 
Cool in a desiccator (to exclude moisture) end 
weighed. It is then heated again, cooled 89 
before, and reweighed. This is repeated until 3 
Constant mass is reached, which shows that oll 


water has been expelled. 
first and later Strongly, to drive off water 
Calculation 
Mass of crucible and lid =ag 
of crucible and lid and barium chloride crystals =b g 
of crucible änd lid and barium chloride anhydrous = c g 
of water expelled. -(b—cog 
Mass of barium chloride anhydrous =(c—a)g 
Then xH,0 .06—0o) 
BaCl, (c= 
and, inserting molar masses, od 
18x (6 — €) b — 
Wej md xc, 2 


=a X ig 


Substances which Contain 


Substances which d t contal 
water of crystallization water of Eiio i 
Sodium carbonate. crystals Sodium chloride 
(Na;CO;.10H;0) NaCl 
Sodium sulphate crystals Potassium permanganate 
(Na;SO,.10H;Q) KMnO, 
Copper(li) sulphate crystals Potassium nitrate 
(CuS0,.5H20) KNO, 
iron(il) sulphate crystals 


(FeS04.7H20) 


Ammonium sulphate 


(NH,)2S0, 
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Solution 


Many solids possess the property of dissolving in water. For instance, if we shake 
up a anal crystals of copper(II) sulphate (crush them in a mortar first) with 
water in a test-tube, the water will turn blue and the crystals will finally 
ae Parti of copper(II) sulphate in the solution must be very small, for we 
cannot see them with the naked eye, nor even with the most powerful microscope 
made. Furthermore, they will pass through the pores of a filter paper with ease. 
The solution (as this mixture is called) of copper(II) sulphate in water is uniform 
in blue colour and in composition (after stirring) and, ina sealed tube, remains 
so indefinitely. In general, to produce such a solution, the ordered crystal 
lattice of the solid (the solute) built up from positive and negative ions (see 
NaCl, page 80) or from molecules (see I,, page 90), must first be broken down 
so that its particles can diffuse between the molecules of the liquid (the solvent) 
and move among them. Since the particles in the solid lattice exercise electrical 
attraction on each other, energy must be supplied to separate them. This energy 
is taken from the heat energy of the liquid; consequently, there is usually.a fall 
of temperature as a solid dissolves in water. Jf, however, some form of chemical 
action occurs at the same time, e.g., hydration of ions, this action may liberate 
enough heat to cause an overall rise in temperature, e.g., when anhydrous cop- 
per(II) sulphate is dissolved in water. : 

Liquids other than water may act as solvents, €.8., trichloromethane, tetra- 
chloromethane, and carbor disulphide. These liquids, and many others, are . 
covalent compounds and dissolve a great number of covalent solids, e.g., tri- 
chloromethane dissolves iodine, carbon disulphide dissolves sulphur. Ionic 
compounds, e.g., Na*Cl-, do not usually dissolve in covalent solvents but a 
great many are soluble in water, in which their ions can dissociate. 


Chemical solution 

This is a term often employed to indicate the apparent solution of a solute in a 
solyent, together with chemical action. For example, zinc appears to dissolve in 
dilute sulphuric acid and neither zinc nor dilute sulphuric acid can be recovered 
by evaporation or distillation, since the solid residue on evaporation would be 
zinc sulphate, Actually the processes of chemical action and solvent action follow 
one another, The zinc attacks the acid to form zinc sulphate, which then dis- 
solves in the water present. 


Suspension 


The above properties of a solution help us to differentiate between a solution and 
a suspension. A solid is said to be in suspension in a liquid when small Particles of 
it are contained in the liquid but are not dissolved in it. 

If the mixture is left undisturbed the solid particles will slowly settle to the 
bottom of the containing vessel, leaving the pure liquid above them, $ 
Muddy water is a typical suspension. The mud would settle after a time if left 
undisturbed, leaving a brown residue on the bottom of the containing vessel 
and clear water above. The particles of mud would be retained by a filter Paper 

whilst the water (and any solids in solution) would pass through. 


Saturated solution 


If we add half a gramme of sodium chloride to 100 8 of water in a beaker the 
salt will dissolve. We could go on for a time adding salt half a gramme at a time, 
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and, by stirring vigorously after each addition, bring about solution of the 
sodium chloride, but with increasing difficulty. Finally, there would come a time 
when no more sodium chloride would dissolve at that particular temperature, 
and, no matter how long we left it or how vigorously we stirred, no more sodium 


chloride would dissolve. The solution is then said to be saturated with sodium 
chloride at the particular temperature. 


Definition. A saturated solution of a solute at a particular temperature is one 


which contains as much solute as it can dissolve at that temperature, in the 
presence of the crystals of the solute. 


The concentration of a saturated solution varies with the solute, the solvent, 
and also with the temperature. Thus sulphur is almost insoluble in water yet 
readily dissolves in carbon disulphide, and a rise in temperature will cause more 
to dissolve. ^ , y i 

This is generally true for solids; for example, potassium nitrate is at leas! 
seven times more soluble in water at 80 °C than it is in water at 10 ^C. 


Determination of solubility 


To give a quantitative meaning to solubility, it is necessary to fix the amount of 


; : f 
the solvent and to state the temperature under consideration. The amount O! 
solvent is usually fixed at 100 g. 


Definition. The solubility of a solute in a solvent at a particular temperature l; 


t 
the number of grammes of the solute necessary to saturate 100 g of the solven 
at that temperature. ý 


It denotes a limit, that is, the maximum amount which can normally Ee 
in solution, Solubility is also sometimes expressed in grammes of solute pe 
dm of solution at a given temperature. 


n ————————— € 


Experiment 74 


To determine the solubility of potassium nitrate in water at the 
temperature of the laboratory 


ee MERE ODE il «0 .nensilittio nouero 13 o 


This determination must be carried out in two 


stages. It is first necessary to prepare a saturated 
Potassium nitrate solution at laboratory tem- 
perature and then to find the proportions of 
potassium nitrate and water in it. 

To make the saturated solution. The rate of 
Solution of a sclid in cold water is generally so 
stow that it is almost impossible to obtain a 
Saturated solution of it in a reasonable time by 
merely shaking the solid’ with the water, The 
quicker and more certain way is to crystallize 
fram à warm solution by cooling. 

Half filla boiling-tube with water and dissolve 
in it some potassium nitrate. Warm and Shake 

swell. Pour off a small sample into a test-tube 
and coo! it under the tap. if no Crystals appear, 
\feturn the sample to the boiling-tube and add 


more solute. Test another sample and Continue 
inthis way 


till a sample gives crystals. Then cool 
the whole solution. When the crystals have 


separated and the solution is quite cold, take the 
temperature of it, Then filter it through a dY 
filter paper end funnel into a dry receiver to 
avoid diluting it. The filtrate is a saturat d 
Solution of potassium nitrate at the observe 
temperature. 

To obtain the solubility of potassium nitrate. 
using this solution. Weigh a clean dry dish and 
add some of the saturated solution to it- 
Weigh again. Once having weighed be 
careful not to lose any portion of the 
Solution. Place the dish on a steam bath (pag? 
9), and evaporate until the potassium nitrate 
is left quite dry, (The dish. cz, e gauze may 
be warmed very cently over the Bunsen flame 
for a few minutes to complete the removal o! 
ud vss the dish to cool and weigh it. 

trate the mace in grammes of the potassium 
nitrate which would have dissolved in 100 g of 
Water as in the following calculation. 


Alternative method of evaporation to dryness. 
The following method is quicker than the one 
suggested above with little loss of accuracy if 
carefully performed. Weigh a dish (75 mm 
diameter is suitable) with a clock-glass to fit 
over it. Weigh again, having added some satur- 


———— 


Specimen results 
Mass of dish 


Mass of dish and solution 
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ated solution of potassium nitrate and replaced 
the clock-glass. Evaporate to dryness over a 
medium flame increasing the size of the flame 
towards the end. Do not heat the'solid suffi- 
ciently strongly to decompose it. Allow to cool 
and weigh. 


= 14.32 g (a) 
= 35.70 g (b) 


Mass of dish and potassium nitrate = 18.60 g (c) 
Temperature of saturated solution = 15 *C 


Hence: 


17.10 g (6 — o) of water dissolve 4.28 g (c — a) of potassium nitrate 


80, 


428 
100 g of water dissolve i710 x 100 g of potassium nitrate 


—250g 


That is, solubility of potassium. nitrate is 25.0 g per 100 g of water at 15 2G; 

Generally, increase in temperature increases the solubility of a solute in water. 
This is because most solutes dissolve in water with absorption of heat. So, if a 
solution and solid crystals of the solute are in equilibrium at a certain temperature 
and the mixture is then heated, the system will alter so as to tend to lower the 
temperature again (Le Chatelier’s Principle, page 184). That is, more crystals will 
dissolve because their dissolution absorbs heat. 

By finding the solubilities of a solute at varying temperatures à graph can be 


plotted to show how the solubility alt 
interesting results. This is called a 50. 


ers with increase of temperature, with many 
Jubility curve of the solute. 


See eae 


Experiment 75 
To determine 


This is; the method employed to determine the 
solubility at any temperature above laboratory 
temperature. At these higher temperatures, the 
rate of solution of the potassium nitrate is 
greatly increased, and a saturated solution may 
be made directly. 

Crush some crystals of potassium nitrate in à 
mortar, place some of them in a boiling-tube and 
add a little water (to make the tube about half- 
full). Put the boiling-tube in a beaker of water 
and warm the latter up to a temperature of 
about 55 *C (Figure 123). Whilst warming 
the solution keep adding potassium nitrate 
crystals to the boiling-tube, and stir all the time. 
Add potassium nitrate until some remains un- 
dissolved at the bottom of the tube. Remove the 
flame when the tr mperature, as read by the 
ISImometer reaches 55? C, and allow the 
ARE uds Cool, stirring all the while and 

ys maintaining some undissolved potessium 


the solubility of potassium nitrate 


at 50°C 
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nitrate at the bottom of the. tube. Just before the 
temperature falls to 50 °C, remove the stirrer, 
allow the solid potassium nitrate to settle, and 
put the dry thermometer into the Potassium 
nitrate solution. When the temperature is 
exactly 50 °C, rapidly decant a little of the 


Saturated solution into a weighed dish, lea. 
all solid potassium nitrate behind. Weigh . 
dish again and evaporate to dryness as in . 
Previous experiment, Calculate the mass 
potassium nitrate dissolved in 100 g of water 


50 *C in a similar way. 


By repeating the experiment at varying temperatures several values can b 
obtained from which 


à curve can be 
obtained by a middle 


accurate values.) Plot the grap 


plotted. The following figures were actuall, 
school form. (The fi 


Bures in brackets are the accepted 


h on squared paper. 


Temperature 11 *c 15 °C 


30°C  405*C 50°C 57 °C 
Grammes of 236g 251g 43.3 g 63g 84g 102g 
KNO; per (10 °C; (259) (45g) (40°C; (85g) (106g). 
100 g water 20 g) 


Experiment 76 


(using any substance which does not exhibit 


Alternative method 
Super-saturation) 


Graph of Solubilitias 
Look at the accom 
(Figure 124). Answer the 


70 
s 


panying graph of the 


63 g) 


temperature at which the solubility is 45 g per 
100 g water. Add a further 10 cm? of water and 
Tepeat the experiment, Continue the addition, 
determining the temperature at which the solu- 
tion is just saturated until 60 cm? of water have 
been added. Construct the graph. 


solubilities of a few familiar salts 
following questions, 


Figure 124 
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(a) For rien salt does the solubility increase most rapidly with rise in tem- 
perature? i 

(b) Given a mixture of equal masses of potassium chlorate and potassium 
chloride, how would yoù obtain some pure chlorate? 

(©) For which salt is there a decrease in solubility with increase in temperature? 


Super-saturation 


Definition. A solution is said to be super-saturated when it contains in 
solution more of the solute than it could hold at that temperature if crystals of 
the solute were present. 


It is important to notice that ‘super-saturated” solutions are in an unstable 
condition. They can only be obtained to any marked extent: 

(a) From a few compounds, for example: Glauber's salt Na,SO,.10H,0, 
‘hypo’ Na,S,03.5H,0. 

(6) By excluding all dust. The dust particles might act as centres of crys- 
tallization. 

(c) By cooling the solution slowly. ‘Hypo’ is exceptional in giving a super- 
saturated solution when cooled quickly. 

(d) By avoiding all shaking or disturbance of the solution. 

A solution cannot be super-saturated if in contact with crystals of the solute. 


É——€——————— A SE SE 


Experiment 77 
To prepare a super-saturated solution of sodium thiosulphate 


Filla 150 x 25 mm boiling-tube toadepth of until the crystals are all dissolved. Holding the 
about 25 mm with water, then fill it up with — boiling-tube quite still, cool the solution under 
crystals of ‘hypo’, sodium thiosulphate the tap. Even when the solution is quite cold, 
Na2$203.5H20. Heat the tube gentlyand shake no crystals separate (Figure 125(a)). Now 
select a single pin-head-size crystal of sodium 
thiosulphate and drop it into the solution. At 
once, white crystals separate, growing slowly 
downwards through the solution and starting 
fromthe added crystal ascentre (Figure 125(b)), 
The contents of the boiling-tube become almost 
a solid mass of crystals and only a very little 
solution can be poured off. Note the rise of 
temperature as the crystals separate. 

After the crystals have separated, the solution 
left must bestili saturated. Before they separated, 
it must have bee ‘more than saturated’, or 
Figure 125 'super-saturatec as it is called. 


Fractional distillation 


iqui ve reasonably different boiling points, e.g., water 100°C, 

pus non "Cat fear pressure, they can be separated (though not 
always completely) by fractional distillation. Various forms of fractionating 
column can be used (Figure 126). Their general purpose is to provide surfaces, 
e.g., flat discs, on which ascending vapour can condense. This produces a 
succession of liquid films in which, as the column is ascended, there is an 
~ increasing concentration of the more volatile liquid (of lower boiling point). 
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Ascending vapour comes in: 
C 


Figure 126 


An efficient industrial still 


lower boiling point 


vapour is forced to pass 
from various 
also page 334, 


Questions 


1. Explain the difference Metern (a) uns 
porary, and (b) permanent har ess in water. 
Suet the names of one substance causing 
temporary and of two substances causing 
permanent hardness in water. Explain how 
permanent hardness may be removed, giving 
equations for the chemical changes involved. 


can deliver alcohol 
A very dilute alcoho! wash produced by fe: 


of about 96% concentration from 


How would you test for the ofa 
chloride in tap water? GMBI ence 


2. What are solubili Curves hat use 
are they? What eet? Of wi 


d truct a solubility curve 
for potassium. chlorate? (o. tee 


«jj 


3. What are the substances which cause 
(a) temporary; (6) permanent ‘hardness’ in 
water? 3 

Explain the effect of adding the following 
substances to ‘hard’ water: (a) soap; (b) lime- 
water; (c) washing soda. 

What is the ‘fur’ deposited in the kettle? 
Briefly explain how stalactites and stalag- 
mites are formed in caves. 


4. What are the conditions, and what are 
the products, for the reaction of the follow- 
ing substances with water or steam: (a) iron; 
(b) calcium; (c) charcoal: (d) chlorine; 
(e) calcium carbide? 

5. Imagine that you wish to prove experi- 
mentally to someone that 18 g of water con- 
tain 2 g of hydrogen and 16 g of oxygen. 
Give a labelled sketch of the apparatus you 
would use; indicate the two chief precautions 
you would adopt to ensure an accurate 
result; show how you would use the data 
you obtain to prove the above statement. 
(J.M.B.) 


6. Ordinary tap water always contains some 
air in solution. Describe in detail how you 
would collect a quantity of this air from tap 
water. How could you find the proportion 
by volume of oxygen in such air? Explain 
why the composition of this dissolved air 
will be different from that of ordinary air. 
(.M.B.) 


7. State and explain what happens when 
carbon dioxide gas is passed for a long time 
through lime-water. State and explain what 
happens when soap solution is shaken with 
the final product (a) before it has been 
boiled; (b) after it has been boiled. (J.M.B.) 


8. What is meant by the terms ‘saturated 
solution' and * -saturated solution'? 
Describe exactly how you would proceed to 
determine the solubility of potassium nitrate 
in water at 15 °C. (J.M.B.) 


9. What experiments would you make to 
find out whether (a) a given sample of water 
is hard or soft; (6) a gas-jar contains di- 
nitrogen oxide or a mixture of nitrogen and 
oxygen: (c) a given solid is sodium sulphide 
or Sodium sulphate? (O. and C.) 


10. Define the term solubility. What are the 
effects of temperature and pressure on the 
solubility of (a) gases; (b) solids, in water? 
Give the requisite practical details for con- 
structing a solubility curve of à salt. e.g., 
potassium nitrate. State two of the uses of a 
solubility curve. 
11. A colourless liquid (X) is either pure 
Water, or water containing some dissolved 
solid. Describe carefully how to discover 
which it is by observations of the temperature 
at which it (a) boils; (b) freezes. Sketch the 
rat wontd use dn each case 
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Assume that a supply of pure water is pro- 
vided. (J.M.B.) 


12. What do you observe when carbon 
dioxide is passed for a long time through 
lime-water? Give equatigns representing the 
reactions which take place. 

What happens wben the final solution 
obtained is (2) treated with soap solution; 
(6) boiled; (c) treated with a solution of 
sodium carbonate. 

Describe the ‘permutit’ process for soften- 
ing water and state how the permutit is 
restored (or revivified). (W.) 


13. Describe in detail an experiment by 
which you could determine the mass of oxy- 
gen which combines with 1 g of hydrogen to 
form water. What is meant by the term hard- 
ness of water? Describe two methods by 
which all the calcium ions present in a 
sample of water can be removed. (S.) 


14. How, and under what conditions, does 
(a) zine, (b) iron, (c) copper, (d) magnesium, 
react with (i) water or steam, (ii) dilute 
sulphuric acid? If in a particular instance 
there is no reaction, this should be clearly 
stated. 

Nickel is a metal which reacts only slowly 

with steam at high temperature, and which ' 
also reacts slowly with dilute sulphuric acid. 
Place the metals named in the first para- 
graph and nickel in the order in which they 
appear in the reactivity series, placing the 
most reactive first. (J.M.B.) 
15. (a) ‘Belfast water is soft, Dover water is 
hard.' Describe what is meant by this state- 
ment and explain in chemical terms the 
difference it implies. Mention one dis- 
advantage of hard water and give one 
method of removing hardness from water. 

(b) Figure 127 shows the solubility of 
potassium nitrate in water at various tem- 
peratures, solubility being expressed in 
grammes of solute per 100 grammes of 
solvent. 16 grammes of potassium nitrate 
are heated with 10 grammes of water in a 
boiling-tube, by means of a water bath, until 
a Clear solution is obtained, stirring being 
continuous, 

(i) At what temperature would a clear 
solution first be obtained? (ii) If the result- 
ant solution is cooled to 50 ^C, what mass 
of solute will have been deposited out of 
solution? (iii) The contents of the boiling- 
tube are now reheated to 80°C and 6 
grammes of water added at this temperature. 
The solution is again allowed to cool: at 
what temperature. will crystals of solute first 
appear if supercooling does not occur? (N.I.) 


16. You are asked to determine the solu- 
bility (in g/100 g water) of potassium chlor- 
ate at room temperature. The method to be 
used involv: mation of a mes ‘ 
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Solubility /grammes per 100 grammes 
& 8 8 


8 


20 


30 40 


50 


60 


temperature /°C 
Figure 127 


Portion of a solution which is saturated at 
room temperatur. 


- Describe how you would 
Prepare the solution and use it to carry out 
the solubility determination, Mention the 
Precautions you would take to ensure accur- 
acy, eed indicate how you would calculate 


Draw a Solubility curve for potassium 
rate from the following data. (Plot tem- 
turc along the horizontal axis, taking 

1 cm to represent 5 °C, and solubility along 


Vertical axis, taking 1 cm to represent» 
5 8/1002.) 


Temperature, "6G: 10 30 50 70 90 
Solubility, 5 10 18 30 46 
9/100 g H,0 


17. (à) Two separate 100 cm? 

tap water containing calcium ions were taken 

in conical flasks labelled A and 

untouched; a few crystals of sodium carbon- 

ate were added to B. Each sample was now 
Against Some soap solution which 


contained Sodium stearate and the 
following observations were made: 


d 
lask A: A precipitate was formed an 
Pre of soap Bolin were needed to give 
a lather, Ae dard 

Flask B: No precipitate was form: 5 
only 2 cm? of soap solution were needed 

i lather, 
E Ula dis results as fully as you o 

(6) Draw a simple diagram to show d 
apparatus you would use to MEE 
Sample of water acidified with dilute s 
phuric acid. The diagram should show n 
any gases produced are collected. Give 
names and relative volumes of the [eer 
products at the named electrodes, and wri 
equations for the reactions occurring at these 
electrodes. How would the results differ 
you replaced the acidified water with brine 
(concentrated aqueous sodium chloride)? 


(c) 4.10 g of hy magnesium sulphate 
M&gSO..xH;O gave 2.00 g of an- 
hydrous salt on 


heating. Calculate 
the formula of the hydrated salt. (L) 


18. Determine the solubility of substance S 
m tempera: 


rom the 
following data. uy 
mass of evaporating basin = 25 g 
mass of evaporating basin 
+ saturated solution of S=S5g 
mass of evaporatin 
+ solid S -50g 
(S) 


19. (a) Explain, with examples, the meaning 
of the terms deliquescence, effiorescence, 
super-saturated solution. You are provided 
with a solution containing a mixture of two 
salts which can be separated by crystalliza- 
tion. Indicate: (i) the nature of the solubility 
curves of the two salts; (ii) how you would 
attempt to separate them. $ 

(b) The order of reactivity of the following 
elements is zinc, lead, hydrogen, copper in 
descending order of reactivity. Describe the 
experiments you would carry out to confirm 
this order, indicating carefully what observa- 
tions you would expect to make. (Oxides and 
salts of the above may be assumed to be 
readily available.) (S.) 


20. What is meant by the term ‘solubility of 
a salt’? Choose any well-known soluble salt, 
and describe experiments you would perform 
in order to investigate the effect of tempera- 
ture on its solubility in water. Give a very 
simple sketch of the kind of graph you would 
expect to get if you plotted your results (i.e., 
solubility against ternperature). From your 
results do you deduce that it would be easy 
to crystallize this salt from its solution? 
Explain your answer. (S.) 


21. (@) Calcium carbonate, present in rocks 
or soil, is one of the causes of hardness in 
water. lain why this is so. | 

(b) Explain the use of (i) calcium hydrox- 
ide, and (ii) sodium carbonate, in the soften- 
ing of hard water. 4 

(c) Why does the presence of dissolved 
sodium carbonate not make water hard? 
- (d) A copper boiler used in the preparation 

of distilled water is encrusted with a layer of 
white scale caused by the hardness in the water 
used. Explain how this scale was formed from: 
the hard water. If supplies of dilute sulphuric, 
hydrochloric. aud nitric acids were available, 
which of these acids would you use to re- 
move the scale from the boiler? Give the 
reasons for your choice. (C.) 
22. Describe. briefly how you would deter- 
mine whether a crystalline solid which 
apparently did not dissolve in water was in 
fact slighty soluble, A solid acid can be 
represented by the formula H2X, and it has 
a formula weight of 130. From a reference 
book it was learned: 
at 25 °C, 10 g of the acid would dissolve in 
100 g of water 
at 85 °C, 30 g of acid would dissolve in 100 g 
of water 

The following experiments were carried 
out to determine the solubilities at two other 
temperatures: 
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Y 25g ofa saturated solution of the acid in 
water at 70 °C were evaporated to dryness. 
The residue of acid had a mass of 5 g. 

II 25 g of a saturated solution of the acid in 
water at 40 °C needed 50 cm? of molar (1M) 
sodium hydroxide for complete neutralization 
reaction is: 


H.2X + 2NaOH —> Na2X + 2H;0 


(a) Determine the mass of acid which 
would dissolve in 100 g of water at 70°C 
and at 40 °C, 

(6) Plot a graph of the number of grammes 
of acid dissolving in 100 g of water against 
the temperature, Use a scale of 1 inch (or 
2 cm) for 10°C along the x axis (the hori- 
zontal axis), and 1 inch (or 2 cm) for 5 g 
along the y axis. 

(c) Use your graph to predict: (i) the 
maximura mass of acid which would dissolve 
in 100 g of water at 0°C, (ii) the mass of 
acid which would separate out if 100 & of 
water saturated with acid at 55°C were 
cooled to 10 °C. (J.M.B.) 


23. 50 cm? of tap water require the addition 
of 10 cm? of soap solution before a per- 
sistent lather is formed on sheking. A fresh 
sample of 50 cm? of water from the same tap 
is gently boiled for ten mínutes and allowed 
to cool. This water now requires only 3 cm? 
of the soap solution to form a lasting lather. 
A further sample of tap water is distilled and 
it is found that 50 cm? of the distillate 
require only one drop of soap solution to 
form a lather, 
Copy the following sentences, writing in 
the missing words: 
(a) The tap water contains both ... and 
hardness. 


(b) When the water is boiled, ... changes 
to ... which is precipitated. - 

(c) The boiled water contains dissolved 
.. and these form a scum with soap 
until the ... ions are removed from 
solution. (S.) 


24. Give explanations of the following: 
(a) When a sample of tap water is boiled for 
some seconds a white precipitate is observed. 
(6) When carbon dioxide is bubbled through 
a suspension of a small quantity of powdered 
chalk in water, a clear solution is obtained. 

A sample of water is found to contain, in 
every dm*, 0.111 g of calcium chloride 
CaCl, and 0.1205 g of magnesium sulphate 
MgSO,. Explain how this water can be 
softened by the addition of sodium carbon- 
ate, and calculate the mass of anhydrous 
sodium carbonate that would be required for 
1 dm? of the water. (O. and C.) 


Ce 
24 Acids, Bases, 


and Salts 
RENI PEE T oie eI 


Acids 


Definition. An acid js a compound which, when dissolved jn water, pro- 


duces hydrogen ions, H* (aq), as the only positive ion. 


Examples are: 
Hydrochloric acid HCl = Ht + CI- 
Sulphuric acid HS0, = 2H* + $0,2- 
Nitric acid HNO; = H+ + NO,- 


It may be mentioned here that the situation is not quite as simple as the above 
implies. Pure water-free HCl shows no acidity because it contains no ions. It isa 
Covalent compound, The aqueous solution contains ions. The ion responsible for 
acidity, however, is not the simple H* ion, but a hydrated form of it, the hydrox- 
onium ion H,O*, produced by a reaction between HCI and water: 


H20 + HCl = H,0+ + Ci- 
Similarly, w. 


Sum. ater-free H,SO, and HNO, are probably not acidic (being un- 
Ionized), but ionize in water and then become Strongly acidic: 


H5SO, + 2H,0 = 2H30* + $0,2- 
HNO; + HO = H30* + NO,- 


CHCOOH = H+ + CH;COO- 
Per thousand molecules 996 4 4 


Some Properties of acids 
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however, for example carbonic acid, are so fecbly acidic that they can only, turn 
litmus to claret colour. 

Corrosive action. The man in the street connects the term acid with the idea of a 
corrosive, ‘burning’ liquid. This is because two of the commonest acids - sulphuric 
acid (oil of vitriol) and nitric acid (aqua fortis) — are actually corrosive liquids. 
Acids are not, however, generally corrosive and most of them are solids. 

Action with metals. Metals which are much more electropositive than hydrogen 
(page 474), react with dilute hydrochloric or dilute stilphuric acid (or both) to 
liberate hydrogen. The metals, e.g., Zn, Mg, Al (with hot concentrated HCl 
only), and ae supply electrons which are taken up E H* ions of the acid, as: 


Zol) > Zn^* (aq) + 2e 
Taa) G fer > Bu 


A sista such as lead, which is only-slightly more electropositive than hydrogen, 
reacts with neither of these dilute acids, but will react in a similar way with hot, 
concentrated hydrochloric acid. 

Nitric acid is too strongly oxidizing to allow the liberation of hydrogen. 
Oxides of nitrogen are obtained. For a further account of this, sce page'438. 

‘Action with carbonates. Almost ail acids (only the very weakest are exceptions) 
liberate carbon dioxide from a carbonate. The carbonate supplies the ion, CO 5? 
which, „With H” from the acid, gives the reaction: 


2H*(aq) + CO,^-( — H5OQ) + CO4g) - 


| U Action with buses. and alkalis. This is very important but must be postponed 
à fto. pig 268) till the nature of bases and alkalis aag been: considered, 


on x k ; Y 


i Methodsof preparation Stacidsst i lino ar Sanne p 


(1) By the reaction between an acid CREE (thé acídíc oxide of a non-metal) 
' and water.— 


Examples:of this method are the preparation of sulpbunens acid and meta- 
phosphoric ‘acid 5 the action of sulphur dioxide and phosphorus(V) oxide 
with cold water. 


SOX) + 1,00 = = H: 550,9). T4014) + 2H,0(D — 4HPO;(ag) 


Q) By displacing a weaker i or more volatile; acid fromitş: salt by a stronger or 
less volatile acid. =% 
For example: (a) disullument of thez more volatile: hydrogen chloride from 
metallic chloride by the less volatile concentrated sulphuric acid. 


* NaCl(9) + H;SO,(aq) => NaHSO;(aq) -- HCKg) 
(b) atate of the weaker botic acid from borax by sulpharic acid. 
Hon + HSA + SHO D Na;SO,(aq) + 4H1sBO.(a0) 
PIMOS D precipitating a insoluble sulphide from a metalli ‘salt e eros 
: Royce : 
c ioga + Rasta: = his E: apogee 


mx 1 EET TTE] " 
‘We have seen tat it is Chardctetistié of dese acid to yield: à in agueons solution.) 
The number of H+, ions produced per molecule of the acid is called its basicity. 
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Definition. The basicity of an acid is the number of hydrogen ions, H*(aq). 
which can be produced by one molecule of the acid. 


ee a 


Acid Basicity 
a a EA ERE D 
HCl = H*4G- Monobasic 


HS0, = 2H* + SO;?-  Dibasic 
H;PO, = 3H+ + PO,- Tribasic 
E eae VEN dud abris ST 
Notice that the basicity of an acid is not necessarily the number of DES 
atoms contained in one molecule of it. For example, ethanoic acid CH. ay 
though containing four hydrogen atoms per molecule, is only monobasic. Thr 
of the four hydrogen atoms are so combined as to be incapable of ionizing. 


C;H,O;(ag) = H*(aq) + CzH30,7(aq) 
Bases 


A little earlier, an acid was characterized as a producer of H* in aqueous. 
Solution. To co 


rrespond with this, a base may be defined in. the:fallowing beg j 
Ration. A base is a substance which can combine: with; hydrogen iot. 
*(aq). 


A number of bases are mentioned below 


and their combination with Lefts 
shown. The reactii 


to be strong. 
coget ducit aces E0330 ie ao Cep 
Base Base Acid Strength 
of base 

Chloride ion CI- + Ht = HCl very weak 
Nitrate ion NO;- + Ht = HNO, very weak 
Sulphateion © 804---2H* a SO, very weak 
Ethancate ion CH;COO- 4 Ht a CK COOH strong 
Hydroxyl ion OH-74- Ht = HO very strong 


, LSS T f 

It is obvious that a base exists Corresponding to each acid, The corresponding 
Pairs can be called conjugates and, if the acid is weak, the base is strong, 8 
vice versa. 


own as basic oxides or hydroxides, B. reacti i 5 ith H*; 
they produce molecules of water, 4 MEAN Ren Md 


.H*(aa) + OH-(aq) = H;o(p 
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„ At the same time, the metallic ion from the oxide and the negative ion from 


acid remain, and together constitute a sa/t. Examples of this are: 


Na*OH-(aq) + H*Cl-(ag) — Na*Cl-(aq) + H,O 
Ca?*(OH-);(aq) + 2H*NO;" (aq) — Ca?* (NO;-);(aq) + 2H;O(l) 


Those ions which take no part-in the reaction are known as "spectator jons', 
From these considerations, the following definitions can be derived: 


Definition. A basic oxide (or hydroxide) is a metallic oxide (or hydroxide) 
which contains ions, O?- (or OH-), and will react with an acid to form a salt 
and water only. 


It is vital to realize the importance of the word only in these definitions. 
If it was omitted, certain compounds, which are quite: different from: basic 
metallic oxides and hydroxides, would be included under the definition of base. 
Thus, lead(IV) oxide reacts with hydrochloric acid to produce lead(II) chloride 
(a salt) and water, but the word only excludes it from the class of bases because 
chlorine is also produced. 


PbO,(s) + 4HCl(ag) — PbCl;(aq) + 2H;O(l) + Clg) 
Compare this with the equations above. Lead(IV) oxide is clearly not a base. 


The nature of the hydroxides of the metals varies according to the position of 
the metal in the reactivity series, as illustrated below. 


K : Hydroxides of sodium and 
The hydroxides of these metals ý 

Na } are soluble in water and are alkalis,  Pot@sstum not decomposed 

Ca by heat. 

Mg | These metals form hydroxides 

Al which are insoluble in water. They D erts ] 

Za | arealso amphoteric excepting the wate poena died ma 

Fe two hydroxides of iron and that pes rcs Tree 

Pb of magnesium. | 

Cu Hydroxide is insoluble in water. 

Hg l Hydroxides of these metals do not 

As J ex 


Metallic hydroxides are electrovalent compounds, composed of metallic ions, 
which are positively charged, and hydroxyl ions, OH~. The number of OH- ions 
associated with one metallic ion is equal to the valency of the metal, eg., 

Na*OH-; sodium is univalent 

Ca**(OH-),; calcium is divalent 
The metallic hydroxides form a very important series of compcunds. The soluble 
hydroxides (that is, the alkalis) are particularly important. They have many 
uses both in the laboratory and indu: ¥ 


Alkalis 


A definition of basic hydroxide has been given above. If such a hydroxide is 
soluble to a considerable extent in water, it is known as an alkali, 


Definition. An alkali is 2 basic hydroxide which is soluble in water, 


Only a few alkalis are known. The common ones are sodium hydroxide 
(caustic soda) NaOH, potassium hydroxide (caustic Potash) KOH, calcium 
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hydroxide (slaked lime) Ca(OH);, and ammonia solution whic! strictly speaking 
is not a hydroxide. (The ammonia molecules form dative bonds with ye 
from the equilibrium H;O(l) = H*(ag) + OH- (aq), causing more water z 
ionize and more hydroxyl ions to be present in the solution.) This prope Y dn 
solubility in water is'the only difference between the select little group of al d 
and the basic hydroxides generally, but it is a very important difference. It pu : 
the alkalis at our service in hundreds of reactions in solution and for a E 
many purposes for which the insoluble basic hydroxides are quite useless. It e 
be clearly realized that the alkalis have all the properties of basic Een 
hydroxides in general; but possess also the property of dissolving to a: substan s 
extent in water. Slaked'lime is the least soluble of the common alkalis (abo 
0.15 g in 100 g of water at room temperature). 


Properties of alkalis: 
i 


In addition to the very important property of neutralizing acids (see be 
alkalis also have a bitter taste and turn red litmus blue. Further, the two ern d 
alkalis, NaOH and KOH, have a powerful corrosive. action on the skin cid 
Should be treated with care. Just as a non-volatile acid displaces a volatile 5 zi 
from its salts, 'a non-volatile alkali displaces the volatile ammonia oe oa 
ammonium salts, If an ammonium salt is warmed with an alkali (in the prese 

of water), ammonia gas is liberated. The essential reaction is: 


NH,*(aq) + OH" (@q) — NH;,(g) + H;O(D 
Expressed in molecular form, twó examples of this are: 


NaOH(ag) + NH,Cl(ag) — NaCl(ag) + H4O(I) + NH.(g) 
s ammonia 


Ca(OH),(aq) + (NH,),S03(aq) —> Ca80;(s) + 2H,0() + 2NHs(E) 


Neutralization 


The reactions between basic oxides, or hydroxides, and acids are very import! an 
and are called neurravizctions, Since the metallic ions and anions from the Oe 
do not change (sec the two equations avave), the essential reaction of a peutrak 

zation is always the formation of uniouized molecuies of Water from hydroxiee 
aud hydrogen ions (or hydroxonium ions). - A 


Ht (aD h OB. (a9) <= H20; or: H30*(ag) + OH-(ad) =: 2H,00 


For practical purposes, these reactions are complete from left to right. This 
leads to the following definition. ] 


Definition. Neutralization is the formation of molecules of water from 
hydroxide ions, OH-, and hydroxonium ions, H3O*. A salt is formed at the 
same time,” ® > B 


The following are examples of neutralizations, Notice that the metallic ions 
and the negative ions from the acids remain to produce the salts. - 
Erg Ac RIT A BE SORIA AMD 


Acid Basic hydroxide Salt Water 


K*OH- eak aa 22H40 
Na*OH- —-  Na*NO, + 2H;0 
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Since both these reactions reduce to H,O* -++ OH- —- 2H;0, the energy change 
aecompanying both should be the same. This is, in fact, so. If aqueous acidic 
solutions are made up containing one mole of HCl, HNO;, and JH,SO, in 1 dm?, 
and alkaline solutions containing one mole of NaOH and KOH in 1 dm? (i.e., 
strong acids and alkalis), any neutralization between these solutions liberates the 
same amount of heat energy, viz., 57.3 kJ (13.7 kcal). This was surprising in an 
earlier ‘molecular’ context because all the compounds appeared to have separate 
identities. Ionic ideas, however, require all strong acids and alkalis (and the 

salts they produce) to be completely ionized in dilute solution. Consequently, the 
only significant change between them in neutralization is: 


H;0*(aq) + OH-(aq) — 2H;0(); AH = —573 kJ 


Salts 


We have encountered the term sa/t on. page 268, applied to a product of the 
process of neutralization. A salt was seen to consist, from this point of view, of 
an aggregation of metallic ions (positively charged) and acidic ions (negatively 
charged). Consequently, a salt is derived from the acid to which it corresponds 
by replacing the H* of the acid by an equivalent number of metallic ions. 
Examples are: 


Acid Salt 
H*CI- Na*CI- sodium chloride 
(H*)4S04?- Cu?*SO;?- copper(II) sulphate 
H*NO;s- K*NO;- potassium nitrate 
(H*)2CO3?> Ca?*CO;7> calcium carbonate 


Notice that the salt is electrically neutral by a balancing of the oppositely 
charged ions. 


Normal and acid salts 


When an acid can produce more than cone hydrogen ion per molecule, it is; 
possible for the replacement of H* by metallic ion to occur in stages. Thus, one 
of the H* ions of sulphuric acid (H*);SO4?- may be replaced by the ion, 
Na*, to give sodium hydrogensulphate Na*HSO;", after which a second, 
similar replacement may yield ium sulphate (Na*);SO;?-. Salts like 
Na*tHSO,7 behave like a salt because they contain a metallic ion and a negative 
jon derived from an acid; they behave like an acid because the negative ion is 
capable of further ionization to’yield H+, as: HSO,~ = H+ + SO;?-. Having 
this dual nature, they are called acid salts. Salts like sodium sulphate, in which 
all the H* of the acid has been replaced by metallic ion, are known as normal 
salts. 


Definition. A salt is a compound consisting of positive metallic ions and 
negative ions derived from an acid; if the negative ions are capable of further 
ionization to field H+ the salt is an acid salt, but if not, the salt is a normal salt, 


Examples: 


Acid Acid salt Normal, p^ 


(H*)450,?- Na*HSO,- (Na*),S0;2- 
(sodium (sodium sulphate) 
hydrogensulphate) / 
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Acid Acid salt Normal salt 
0,2- F. Na*),CO;2- 
(H*)2C0,? Na*HCo, ( : 
i (sodium inis a 
hydrogencarbonate) carbonate; 
2- 
(OPS Na*HS- (Na*),9?- 
ls j (sodium (sodium sulphide) 
hydrogensulphide) 
SSS Ee SPERM NU 
A method of 


Preparing the normal and acid sodium salt of sulphuric pat 
given on page 412, of the normal and acid sulphides of sodium on page 402, 
of sodium carbonate and hydrogencarbonate on pages 320 and 322. 


Basic salts 
|. Basic oxides and hydroxides (page 266) contain the ions O?- and OH, respec- 


x rx the 
tively. Salts in which these ions are retained, together with metallic ions and 
Negative ions of acids, are known as basic salts. 


Basic hydroxide 


Basic salt Normal salt 
Zn?*+(OH-), Zn?*OH-Ci- Zn?*(Cl-); 
Mg** (0H-), Mg?*OH-CI- Mg?* (Cl); 


The basic salts quoted in the tabl 
chloride. White lead is a well-kno: 
3Pb** 20H- 2CO,2-. Notice th: 
whole is electrically neutral. 


j ium. 
c are known as basic zinc (or mages) 
wn basic salt and is the basic Wu VER E 
at the ionic charges balance so that the 


Methods of preparing salts 


Several general methods are available for Preparing salts. The method chosen D. 
Preparing any particular salt depends largely on whether it is soluble in water i 
Not. It is necessary, therefore, for you to become quite familiar with the pimp 
rules of solubility indicated in the table below. Knowing the solubility of t 
Salt, you will then be able to decide at once what type of method to use, É 
Soluble salts are usually prepared by methods which involve crystallizatio ^ 
Insoluble salts are usually prepared by methods which involve precipitation. 


Soluble 
<A á 

1. All common salts Of sodium, 
potassium, and emmonium. 

2. All common nitrates Of metals. 

3. All common chlorides except: 


Insoluble 


silver Chloride, mercury(i) chloride, 
and lead chloride. 
—4. Al. common sulphates except: barium sulphate and lead(Il) sulphate. 
(Calcium sulphate sparingly soluble.) 
- All common carbonates except 


those of Sodium, potassium, and 
ammonium, 
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Preparation of soluble salts by the action of an acid upon a metal 


This is usually carried out using a dilute acid and a metal. The salt formed then 
passes into solution in the water of the dilute acid and can be obtained, with the 
necessary precautions to give purity, by crystallization. This method is suitable 


for preparing soluble salts. 


LL A R———————— 


Experiment 78 


Preparation of crystalline zinc sulphate from metallic zinc 


— E ee ee E 


Half-fill a beaker with bench dilute sulphuric 
acid and add granulated zinc. Effervescence 
occurs; if it is slow, add a little copper(I!) 
sulphate to quicken the action and warm gently, 
The gas is hydrogen (test: explosion on apply- 
ing a lighted taper). If the action ceases because 
of the disappearance of zinc, add more zinc to 
make sure that the acid is not left in considerable 
excess. The reason for this is that later we shall 
evaporate the solution and any excess acid 
would then tend to become concentrated. 
When the effervescence slows down and there 
is still plenty of zinc left, filter to remove in- 
Soluble impurities such as oxcoss zinc and 
particles of carbon which Wre an impurity in it. 

The colourless solution will contain zinc 
Sulphate together with a little sulphuric acid. 
There will probably be too much water present 
to allow the crystals to separate, so we must 
remove some of it. Place the solution in an 
evaporating dish and heat. At intervals, pour a 
little of the solution into a test-tube and cool it 
under the tap, shaking well. After evaporating 
for a time, you will see small crystals in one 
of the cooled samples. This shows that the 
solution will give crystals when cool, for the 
small sample is typical of the whole. Pour the 
solution into a beaker and allow it to cool and 


crystallize. In this case the crystals will be 
colourless needles. 

Filter off the crystals, wash them two or three 
times with a small quantity of cold distilled water, 
and piace them on a porous plate or between 
filter papers to dry. The washing with distilled 
water is to remove the surface solution from 
the crystals and replace it with pure water 
which, as it dries off, wiil not deposit impurities 
as would the solution. The porous: plate or 
filter papers are used to absorb water from the 
surfaces of the crystals. To purify still further, 
dissolve the crystals in a little very- hot water 
and repeat the crystallization process. The 
impurities will then be carríed off dissolved in 
the filtrate and a smaller quantity of purer 
crystals will be left. 


Zn(s) + HSO, (sq) -> 
ZnSO. (aq) + H;(g) 
(or Zn(s) + 2H* (eq) —> 
Zn** (aq) + Hi(g)) 
ZnSO.(s) + 7H:O(I) —> 
ZnSO, 7H;0(s) 
Other salts may be similarly prepared, for 


example, iron(Il) sulphate and magnesium 
sulphate, from the respective metals,’ 


a ee 


Occasionally this method is applied using a metal and a concentrated acid. 
The only case of this you will encounter, though it is an important one, is the 


following. 


Experiment 79 


Preparation of crystalline copper(II) sulphate from metallic copper 


Note especially that this preparation cannot be 
carried out like the one above, because dilute 
Sulphuric acid will not act upon copper. 

Into a beaker put some concentrated sulphuric 
acid and copper turnings (carel). Put the 


- 


beaker on a tripod land gauze in the fume 
Cupboard and warm gently. After a time effer- 
vescence will begin, the gas evolved being 
sulphur dioxide, which must not be allowed to 
escape into the laboratory as it js 
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^ action will probably becoma vigorous, and the 
flame should then be removed. After efferves- 
cence has ceased there wil! be left a dark: brown 


mass which may contain the following sub- 
Stances: 


1. Solid copper sulphate as a precipitate. 
(This is copper(il) sulphate.) 

2. Solid dark brown. copper'l) . sulphide, 
formed in small amount, by a side reaction. 

3. Excess copper. 

4, Excess concentrated sulphuric acid, 


Our problem is to prepare from this mixture a 
sample ‘of pure Copper(il) sulphate crystals. 
We cannot work in the presence of a large 
amount of concentrated sulphuric acid, so the 
first step must be to Pour off as much liquid as 
possible. The liquid is simply a waste product. 
We are now left with a solid containing copper 


sulphate with impurities 2 and 3, as given MS 
They are both insolubfe in water, ŝo, tu remo! : 
them, add a considerable quantity of wal ae 
heat gently to boiling. Filter, leaving the oi] 
impurities, copper-and copper(!): sulphide, an 
the filter paper, and obtaining, as filtrate, a 
copper sulphate solution. From this, crystals 09". 
be obtained as previously described. 


Cu(s) + 2H;SO. (eq) —> d 

"CusO. (s) + 2H40(D + $029) | 
CuSO. (s) + 5H20(!) —> CuSO,.5H30(8) 
ith: conr 
oratory d 


} 


i 


This: process" of heating copper Wi 
centrated sulphuric) acid is the best lal xs 
method of making sulphur dioxide, ane 
sulphate can be prepared from the residu ie 
the flask after carrying out this preparation 
404). 


and 
akes 


3Pb(s) + SHNO;(aq) — 3p. 
3Cu(s) + 8HNO;(aq) —> 3Cu 
copper Cop; 


8). 
Thus; ZnCl.H 


20(s) est, 


Preparation of salts 
In 


a double decomposition reaction, 
pounds and use them to z 
OF these, the one which is wa 
be easily Separated 
decomposition, For a 


page 181. In what follows, all lead sali 


Experiment 80 
Preparation of a sam 
aE SS 


ple of lead(It) 


hat a boiling solmi 


prepared by acting upon the metals 


Juble | 
» except lead nitrate, are, however, very SO 


b(NOs),(aq) + 41,00) + 2NO(g) 


per(iT) 


ade to drive off thi: 


by double decomposition 


unc. 

Prepare one soluble and one insoluble comP? can 
nted is usual] 

by filtering. That is, i 

more complete di 


1 
with 
he 

crystallizing as described (page 27!). T 
it à matter of greater difficulty to prepa? ] 
1 


(NO,),(aq) + 4H,0() -F 2NO(8) 


nitrate 


5 water by heating, they hydro 


Zn(OH)C\(s) + HCl(g) 


com" 
we usually begin with two soluble 


ri 
E double 
sition Se 


y the insoluble compound 
insoluble salts are prepared 
scussion of double decomp? 


ts are lead(II). 


Sulphate 


A a 
One-third fil a beaker with ab p 
Solution, Heat it and add dilute diat 
Stirring the mixture. There will be an im at 10 
RUNS precipitate of lead sulphate, Heat Sa 
boiling, * then filter, The lead sulphate is lel 


on filters more rapidly than a cold one. 


the filter paper and the colourless fiitrate con- 


tains dilute nitric acid, the other product of the 


double decomposition reaction. Wash the 
precipitate on the filter paper several times with 
hot distilled" water" to remove soluble im- 
purities: To be sure that the process is complete, 
test the washings for sulphate (page 414) and 
continue till the test gives a negative result. 
Allow the precipitate to dry on the filter paper or 
on a porous plate. It will become a white 
powder. 


Pb(NOs)2(aq).+ H2S04(aq) —> 
PbSO,(s) + 2HNO;(2q) 


LM ^6 c 
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. A solution of any soluble sulphate could 


have been uséd for this preparation; Tor 'ex- 
ample: - 


Pb(NO;);(sq) + Na;SO;(aq) ` 


 lead'nitrate ^ sodium sulphate » 
—* PbSO;(s) + 2NaNO;(aq) 
lead sodium 
sulphate nitrate 
ionically : 


Pb?*(aq) + SO4?-(aq) —- PbSO4(s) 
The sodium nitrate, !iko the nitric acid above, 
would be removed in solution. 


Other insoluble salts which can be prepared by double decomposition are? 


Barium sulphate Bacu (aq) +H,S0,(aq)  —- BaSO,(s) + 2HCl(aq) 
chloride 
ionically: Ba?*(aq) + SO,?7(aq) => BaSO,(s) 
Lead chloride* Pb(NO3)2(aq) -+ 2NaCi(ag) — PbCl;(s) + 2NaNOs(aq) 
_ionically: Pb?* (aq) + 2Cl-(aq) —> PbCl;(s) 


Calcium carbonate 
Chloride 
ionically: 


Ca?* (aq) + CO;7(ao) 


EMI -FNa;CO;(aq) —» CaCO,(s) + 2NaCl(aq) 


—> CaCO,(s) 


The carbonates of other heavy metals can be prepared like calcium carbonate 
but, in some cases, the method gives a basic carbonate. This does not matter 
much, however, because the method is chiefly used as an intermediate stage in 
preparing the oxide of a metal from one of its soluble salts (page 288), and in this 
case it does not matter whether a true or a basic carbonate is precipitated. 

In the cases of zinc carbonate, copper carbonate, and lead carbonate, a purer 
product is obtained if sodium hydrogencarbonate is used instead of sodium 


carbonate. 


Preparation of salts by neutralization 


Neutralization is an action between a base and an acid to produce a sait and water 
only (page 268). The actual method of application of this process depends on 


whether the base in question is soluble in water, that is, is an alkali (page 267) 


or not. 


Preparation of a salt from an alkali (a soluble base) 


Salis of sodium, potassium, and ammonium cen be prepared by this method from 
caustic soda (sodium hydroxide), caustic potash (potassium hydroxide), and 
‘ammonia solution, respectively, using the appropriate acid. 


*Lead chloride must be washed with coid distilled water, as it is appreciably soluble in 


hot water. 
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Experiment 81 


Preparation of sodium sulphate from caustic soda 


boil the mixture, and filter. The animal hares 
enough litmus will be left on the filter Paper together iis fni 
Froma burette, litmus which it has absorbed, and a col it fra oe 
the solution is solution of sodium sulphate will paet & 
it contains no excess of filtrate. From this, crystais can be obtain 
described for zinc sulphate (page 271). 


HiSO,(aq) — 
The litmus is here the indicator (page 138). The 2Na0H(aq) + Ha Nee E) + 2H20(1) 
Solution now contains sodium sulphate solution 


Na;SO,(s) + 10H;O0(l) —> 


a spatula, Na,S0,.10H20(s) 


7 : P ro- 
To obtain sodium chloride or nitrate, use caustic soda solution with the app 
Priate acid, 


NaOH(aq) ++HCl(aq) —- NaCl(aq) + H,0() 
hydronide lale sodium 


chloric acid 
NaOH(aq) + HNO, (aq) —> NaNO, (aq) + H,O(l) 
dilute sodium 
nitric acid nitrate 


j + with the 
To obtain the common Potassium salts, use caustic potash solution with 
appropriate acid, 


tum 


KOH(aq) + HCl(ag) —> KC\(aq) + H,0() 
tassiu potassium 
droxide 


chloride 
ZKOH(ag) + H,80,(aq) > K,80,(aq) + 24,00) 

Potassium 

Sulphate 

KOH(aq) + HNO, (aq) > KNO,(aq) + H,O() 

Potassium 

nitrate 
Ammonium Salts can be similarly Prepared from ammonia. 


The above equations į i ) in the 
d ns indicate the Substances to be ‘all in solution 
Preparation of the Salt by the Method aha dps ve sulphate, 


from an insoluble base 


>: Case the ing i 3 H ; thod 
given above canno, oazis soluble in Water, is not an alkali, so the me 


Pplied, Iny unds 
are copper(I) and lead(i]y MES follows, all copper and lead Calin 


ees 


— A 
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Experiment 82 


Preparation of copper(I!) sulphate crystals from tho insoluble base 


copper(II) oxide 


Heat some dilute sulphuric acid in a beaker and 
add to it, a little at a time, some black copper(II) 
oxide. Stir gently. A blue solution of copper(I!) 
sulphate will be formed. 


CuO(s) + H2S04(aq) —> 
CuSO,(aq) + H20(!) 


Itis advisable not to leave an excess of acid (for 
reason seo preparation of zinc sulphate from 


zinc), so continue the addition of the copper(I!) 
oxide until a permanent black precipitate of this 
material is left, showing that no more acid is 
available to act with it. Ftiter off the Precipitate, 
leaving a clear blue filtrate, copper(II) sulphate 
solution. From it, obtain crystals as described 
for zinc sulphate. 


CuSO, (s) + 5H30(I) —> CuS04.5H30 (6), 


Many salts of metals can be similarly prepared, using either the oxide or the 
hydroxide of the metal with the appropriate acid; for example, 


Zinc sulphate 


ZnO(s) + H;SO,(aq) — ZnSO,(aq) + H,0() 
zinc H 


oxide 


Zn(OH);(s) + H,SO,(aq) — ZnSO,(aq) + 2H,0() 


zinc 
hydroxide 
Lead nitrate 


PO + 2HNO,(aq) —> Pb(NO;);(aq) + H20) 


oxide 


PO(OH)2(8) 3- 2HNO; (aq) —> Pb(NO;);(ag) + 2H20() 


hydroxide 


Preparation of salts by the action of an acid on the carbonate of a 


metal 


The carbonate of any metal will react with the mineral acids to give the corres- 
ponding salt of the metal, water, and carbon dioxide. For example: 


ZnCO,(s) + H;SO,(aq) > 


zinc 
carbonate 


CaCO,(s) + 2HCI(aq) > 


calcium 
carbonate 


ZnSO,(aq) + H,0(1) + CO;(g) 
zinc 


sulphate 
CaCl,(aq) + H200 + CO;(g) 
calcium 


chloride 


PbCO;(s) + 2HNO,(aq) — Pb(NO,);(a3) + H:00) + CO,(@) 


lead) 
carbonate 


lead(II) nitrate 


imitation to this rule is that the action is unsatisfactory and incom- 
RE is insoluble in water and, by its action on the acid, produces 


a salt which is als 
the unchanged carbonate 


o insoluble In this case, the salt which is formed precipitates on 
env stops the action. If, for example, dilute sulphuric 


acid is added to marble, there is rapid effervescence for a few seconds, but the 


action quickly stops- 


CaCO;(s) + H2SO.(aq) > CaSO,(s) -+ H;O(D + CO,(g) 


* 
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The very slightly soluble calcium S 
stopping thé action. With this limita 


ulphate has precipitáted on the marble, 
tion, this method is of general application. 


Lead compounds below are lead(I1) Compounds, 


X UICE imr LOC rave grain eem eM 


È Experiment 83 


Preparation of Iead{tl) nitrate crystals from lead carbonate 


"Half-fill a beaker with dilute nitric acid, warm it 
gently on a tripod and gauze, and add lead 
carbonate at intervals. There will be efferves- 
cence with evolution of carbon dioxide, (Test: 
lime-water turned milky.) Continue the addition 
of the carbonate until a slight permanent 
precipitate shows that no acid is left, then filter. 


Note. When an in 
also insoluble in water, i 
a single process, 


een 
to remove insoluble materials. The bdo 
Solution contains. lead(1l) nitrate, and Ri. 
can be obtained from it as described for zi 
sulphate (page 271). 


PbCO;(s) + 2HNO (aq) — 
© Pb(NOS); (aq) + HOt) + Cos (9) 


soluble salt has to be prepared from a compound which 
it is not advisable to try to convert one into the other 


For example: To convert lead(1I) oxide PbO (insoluble in water) into /ead(I7) 


sulphate (also insoluble in water), 
action of dil 


Then, 


by using dilute sulphuric acid direct 
dilute nitric acid. 


CaCO;(s) + 2HNO 


Then filter, and, 
phate. 


Ca(NO,);(aq) + NaSO, 


Filter'the precipitated calcium sulph; 


(ag) — Ca(NO. 
to the hot filtrate, add a 


it is not advisable to attempt the. change by E 
ute sulphuric acid on the oxide. The reason is that the insolu 
lead(IT) sulphate will precipitate, as fast as it is form 


salt by double decomposition. In the example 
above, it is better to prepare first a solution of lead(IT) 


nitrate by dissolving the 


PbO(s) + 2HNO,(aq) —> Pb(NO),(aq) + H,0() 
after filtering off any undissolved materi. 
sulphate can be precipitated by adding dilu 

Pb(NO;),(aq) + H,S0,(aq) > PbSO,(s) 
Similarly, to convert chalk to calcium sulphate, 


ly with the chalk. First dissolve the chalk in 


tial, the required. lead 
te sulphuric acid. 


+ 2HNO,(aq) E 
do not attempt the conversio 


s)a(aq) + H,0() + CO;(9) ak 
concentrated solution of sodium § 


4(ag) — CaSO, (s) + 2NaNO,(2q) 


«+ with hot 
isi ate (or lead sulphate above), wash it with ho 
distilled Water, and allow it to dry. 


reparation of salts b 


[3 
Certain binary salts can b 
9r example, 


Y direct Combination of two elements 
© prepared by direct combination of their two elements; 


2Fe(s) + 3Cl(g) —> 2FeCl(s) (see page 368) 


Fe(s) + Sg. 


iron(1iI) chloride 


FeS(s) (sce page 6) 
iron(I) sulphide 
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Measurement of acidity and alkalinity. The pH scale i 
The pH. scale is a. convenient means of expressing acidity and alkalinity in 
aqueous liquids: The term, pH, denotes hydrogen ion index, the p being derived 
from European use of terms such as punkt or point for the English index. The 
pH scale can be used with the minimum information contained in the next 
paragraph but students are advised to read the later material which explains 
more adequately the source of the scale and the significance of the numbers in it. 

The number 7 on the pH scale represents the condition of pure water in relation 
to acidity and alkalinity, i.e., the condition of exact neutrality. Numbers less 
than 7; ie; pH 6, 5, 4, etc., indicate acidity increasing as the numbers decrease; 
numbers greater than 7, i.e; pH 8, 9, 10, etc., indicate alkalinity increasing as the 


numbers increases i 
pH 1'2 374 576 7 89 10 11 12 13 


Tum > 
increasing, neutral increasing 
acidity < alkalinity 


iy 


Notice particularly that, below 7; falling pH values indicate increasing acidity; 
above 7, risifig pH values indicate increasing alkalinity. For thémathematical 
explanation of this; see later. In a’colourless liquid; a reasonably accurate value 
of pH can be obtained by adding a universal indicator (in quantity advised by the 
supplier) or by spotting the liquid on to universal indicator paper. In both cases, - 
a colour'will appear from which the pH of the liquid can be decided, either by 
verbal descriptionor from the chart provided by the supplier forcolour matching. 


Derivation of the pH scale emails " ibs 
Pure water is very slightly ionized and is, therefore, a very weak electrolyte. 


H;O(l = H*(ag) + OH-(aq) or 2H;O(l = H;O*(ag) + OH-(aq) 


(The first of these equations is still in common use for simplicity though it is 
known that the hydrogen ion (proton) is hydrated in aqueous solution to give the 
hydroxonium ion, H3O*.) From conductivity measurements, it is known that, 
in moi dm73, the concentration of the two ions in water is 1077, so that their 


product is given by: 


v fr» 
e 


[H*]I[OH-] = 107? x 107? = 107? moi? dc^ — X, SO) 


` where K, is called the ionic product of water, and the square brackets around the 
ion symbol signify ‘concentration’. This ionic product is maintained constant in 
“all circumstances in water at. 25 °C. When the concentrations of. H* and OH- 
are equal, the liquid is exactly neutral and both ion concentrations are 10-7 mol 
dm >. If the liquid is made acidic, H* concentration? raised above 1077 mol 
dm-3. Then, to maintain the value of Ky, OP concentration must be 


reduced correspondingly below 10-7 mol dm- ^. E example, in 0.01M strong 
monobasic acid, [H+] = 10-7, so that M- 524 


10-? x [OH-] = 107'* and [OH^] = io^ 
If ihe liquid is- made alkaline as, say, 0.001M sodium hydroxide solution, 


[OH-].— 10-3, so, to-maintain the value of Ky [H+] must decrease to 10-!!, 


This gives the following situation: = : 
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Aqueous liquid H* cor.:entration OH- concentration 
(mol dra-?) (mo! dm-?) 

Neutral 107? 10-7 

Acidic above 10-7 below 10-7 

Alkaline below 10-7 above 10-7 


EE EE ee 


As a convenient means of expressing these situations, the hydrogen ion index, 
PH, has been introduced. This index is derived in the following way. 


If, in an aqueous liquid, the concentration of H* is 10-* mol dm~?, then, 
for that liquid, pH = x. 

From this it follows (above table) that neutrality is indicated by pH = 7. 
Notice that pHiis.a logarithmic index from which the negative sign has been 
omitted. Consequently, the greater the numerical value of pH the Jower is the 
concentration ofi H+ and the /ess the acidi A 

It would be-possible to use a hydroxyl ion index H, to indicate alkalinity 
but, in fact, such a usage can be avoided, This beast ion cases, at 25 °C, 
[HHOH] = 10-4 = K, 
` so that 


ta PH to record alkalinity (as well as acidity) =r 
E ;,. Potassium hydroxide solution contains 10-7 mo 
of OH™. This would give pOH = 2 and require pH = 14 — 2 = 12. That is, pH 
alkalinity by values higher tham 7. 
Je ew EO 
Solution pH 


—————— 


Acidic belme 7 
7 


Universal indicator 


quids only (f ies Le H 
isi ~ Only (for obvious reasons). Knowledge o P: 
nass and hortus nany industries, e.g., for control of soil condition iB 
An ordi orticulture, for control of water supplies and sewage disposal. 
to bring about ite o). acato usually requires a change of about 2 unin of pH 
PH 6, purple at DHT, tnd fale ont change. For example, litmus is fully red at 
acid-alkali titration are the followin at pH 8. The three common indicators for 


Acids, Bsses, and Salts 275. 


Indicator Acidic side Neutral Alkaline side. 
Methyt oranga pink oranga yellow 
Litmus red purple blue 
Phenolphthalein colourless colourless pink 


2 pH units increase—————»*- 


Hydrogen chloride in methylbenzene (toluene) 


The. solvent methylbenzene C,Hs.CHs readily dissolves.liydrogen chloride in 

room conditions, but (in contrast to aqueous hydrogen: chloride solution) the 

liquid is a non-conductor of electricity and has negligible acidic behaviour, e.g.;. 

no reaction with metals (Zn, Mg, Fe) and only very.slight reaction with car- 

bonates. These differences are present because methylbenzene is not a proton 

(H*) acceptor and the dissolved hydrogen chloride-remains overwhelmingiy. in 

the molecular state as HCI; the solution is, therefore; electrically non-conducting 

for lack of ions. 

Water, however, is a proton acceptor and, in dilute: aqueous solution, hydro- 
gen chloride can be taken as.fnily ionized: 
HCK(g) + H20) — H30*(g) + Cl(aq) 

These ions allow ready. electrical conductance: through the liquid, and the 
/ hydroxonium ion liberates hydrogen with te more electropositive metals and 
/ carbon dioxide with carbonates. 

Zn(5) + 2H30*(aq)—> Zn**(ag) + 2H;O(I) + Ha(g) 
2H30*(aq) + CO;*- (aq) — 38,00) + CO,(g) 

These reactions are not given in methyMenzene for lack of H,O*. If ammonia 

(gas) is passed inta it, a solution of hydrogen chloride in methylbenzene precipi- 

tates ammonium chloride (white solid). 


NH + HCl —- NH,*CI-(s) 


Questions 


1. Give the names ànd formulae of (2) an 
acid salt, (5) a dibasic acid, (c) an amphoteric 
oxide, (d) a hydrated salt. (S.) 
2. Write ionic equations for: (a) the neutral- 
ization of an acid by an alkali, (5) the pre- 
cipitation of calcium carbonate, (c) the 
reaction between zinc and a dilute acid. (S.) 
3. You are provided with the following 
Substances: water, calcium carbonate, an- 
hydrous sodium sulphate, dilute nitric acid. 
Using a source of heat and the usual labora- 
tory apparatus, but me other chemical 
Stance, describe fully how you could 
prepare (i) a sample of calcium sulphate (cal- 
(askin ee eam 
A ion of calcium hydrogencarvenate 
(calcium bicarbonate), (iii) crystals of hy- 
sodnim sulphate (Na2SO..10H,0). 


© 

4. Describe in detail how you would prepare 
Pure dry specimens of (a) zinc sulphate from 
zine carbonate, (b) lead(II) sulphate from 


kcad(II) nitrate, Draw a fully labelled dia- 

gram of the apparatus you would use to 

separate and collect the products 

when lead(1I) nitrate is heated. (J.M.B.) 

5. Give the name and formula of (a) an acid 

salt, (b) a hydrated salt, (c) à salt which 
on heating, (d) a salt which 

dissociates on heating. A different salt must 

be given in each case. (S.) 


following practical onezstios fa de Japote- 
following practical operations in 

tory: (O obtain pure, dry barium 

(or some oiher insoluble salt) from common 
laboratory reagents, (b) obtain crystals of a 
hydrated salt of our choice from the corres- 
ponding metallic oxide. (Scottish.) 

7. Describe in detail how you would prepare 
dry lead(If) nitrate crystals from lcad(1I) 
cions Disce also Bow yod would 
carry out reverse process, that is, prepare 
a dry sample of lead(lI) carbonate frees lead 
GD nitrate. 


280 A New Cortificate Chemistry 


Describe what you would see and explain 
what happens when each of the following is 
heated: (a) lead(II) carbonate, (6) lead(IT) 
nitrate. (J.M.B.) z 
8. Name and give the formula of an ‘acid 
salt’ and give one test by which you could 
distinguish it from the normal salt of the 
same acid and base. (S.) : 

9. (a) What are the products of the reaction 
of an acid with a base? Serre 

(b) Give three other characteristics of an 
acid and three other characteristics of à base? 

(c) What kind of heat change occurs when 
an acid reacts with à base? 71.4 

(d) Describe in detail-how you could pre- 
pare pure solid’ sodium chloride by the 
action. of an acid on a base. . 

(© If acid containing 3.65 g of HCI was 
used, what mass of sodium chloridé would 
be obtained? (A‘E.B.) E 


10.. What is meant by an acid salt? Give the 
name and formula of one example. Deter- 
mine .the. relative m 

dibasic acid X from the foll 


h owing data: 1:35. 
grammes of X were dissolved in 50 cin? ofa 


solution of-sodium hydroxide which tón- ~, 


tained at games of 
The-fesulting solution ri uired 10 cm? 4 
hydrochloric acid solution Wif E RA 
73 grammes of the acid per dm? for neutral- 
ization, f 
5 grammes of a mixture of sodium ón- 
ate and sodium chloride See ea ee ] 
dissolving in water, to neutralize 20cm? of a. 
solution of hydrochloric acid containing 36.5 
grammes per dm?. Determine the percentage 
of sodium carbonate in the mixture. (S.) 
1i. What is meant by (i id, (ii) a , 
soiien of an acid P CaN GS 
Ethanoic acid, CHCOOH, is a mono- 
basic acid. (OJ What ions are ‘present in an 
aqueous solution of ethandic acid? (ii) How 
many grammes of éttianoio acid are presènt 
in 500 em? of a molar solution? (iii) A molar 
solution of ethánoic acid conducts electricity 
but not so easily as a molar solution of hydro- 
orie acid. What explanation can you offer 
for this fact? 7 


, Calculate the minimum volume of. molar 
yi 


the alkali per dm?, 


hydrated „salt 
formula 


mass) of. the 


13. The following is an outline of one method 
for the preparation of crystals of zinc sul- 
phate.ZnSO,.7H,O:; 'An excess of zinc 
carbonate is added to 100 cm? of 2.0M 
sulphuric acid in a beaker and the mixture is 
warmed until no further reaction takes place. 
The mixture is filiered and the filtrate 
evaporated until tlié volume is about 25 cm?. 
This liquid is left to cool and the crystals are 
Separated, dried, and weighed." 

(a) Write the equation for the reaction. 
+» (5). Why..is. an:excess.-of.zinc carbonate 
used? 

(c): How can you tell) when reaction has 


x Stopped? 


(d) Why is it necessary to filter after the 


. teaction has stopped? 


(© Why is the filtrate not evaporated to 
ess. E 


(f) What is the molar mass:of 
ZnSO,.7H;0? 


a 

(g) What maximum mass of zinc guiphat 
crystals could: be fornied from 100 cm? of 
2.0M’sulphuric acid? * T , 

(A) It was foundsin an actual preparation, 
that the mass of crystals »btained was much 
less than the maximui mass calculated in 
(g). Explain.this result. * 

(i) Would a similar method. be,suitable for 
the preparation of lead(II) sulphate? Give 
reasons for your answer. (C.) 


14: Salts can be prepared by the following 


; methods, among. others: (a)- neutralization 
¿ofan acid by a base, (b) action of a metal on 
'an acid, (¢) double decomposition. 


For cach of these three methods, selena 
salt.from.the list below for which the metho 
would be suitable, and describe in detail how 


you would carry out the preparation, In each d 


case you should say how you would obtain 
à pure dry — of the salt. 

m. sulphate, - 
copper(II) chloride, magnesium »sulphate, 
sodium hydrogencarbonate. (L.) 


15: Write down the formula for-the precipi- 
tate which is produced when pairs of aqueous 
solutions are mixed as follows: (i) Ba(NOs)3 
and Na;SO,: (ii) HS and Pb(NOs)2; 
(tii NHBr and AgNO3: (iv) Al:(SO.)s and 
NH; (y) CaCl; and K;CO;. (NL) y 

16. Describe how you would carry out the 
reactions represented. by-the following ionic 
equations, giving full details of-the reagents 


and conditions: required, “and naming any ` 
igmpaund. which could: be separated: from — 


final-solution in cach case. - 
(à) ZnO t-2H* — Za** + 4,6. 
(6) H + OH- > H,O. Se 
(c) 2Na + 2H* > 2Na* + Ha. 
(d) SOs?- + 2H* — SOs- HO. 
Wars ani (n OMB) 


calcium + carbonate, ^ 


-—É 


17. When hydrogen chloride dissolves in 
Water a reaction occurs which can be 
represented by 

HCl + H;O + H30* + Cl- 


‘SO Which "compound NISTENNA s Lie h 


acid? Which compound is the base? When 
the solution of hydrogen chloride. is 


reaction occurs. What name is given to this 
second reaction? Write an ionie equationsto, 
Tepresent it. (J.M.B.) a 
18. Given copper(II) oxide, aqueous solu- 
tions of sodium hydroxide and sulp 
acid, and a suitable indicator, describe how 
you would prepare reasonably pure samples 
of (a) sodium sulphate, (b) copper(I) 
Sulphate. ir iait sud CC! ni le 
Copper(üT) sulphate crystals have the 


, formula 'CuSO;.SH:O. What’ weight! of = 


Crystals could theoretically be cbtained from 
:8:0.:g of copper(I) oxide? (0. and G) 


would prepare reason: 


the following:substanci 
ide, which. is. almost. io: 


jed, — 
with sodium hydroxide solutiog, itdiothe£ [© What ddeathis informati. 
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20. A solution of hydrogen chloride in 
metbylbenzene, an organic solvent, does not 
conduct electricity and has no apparent 
reaction with a solid metal oxide or a solid 


Acids. Bases, cad 


reacts 


both'a metal 
Tm 


xide and a metal 
ata 


bat dd cB indicate about 
the Nature of the, bonding in hydrogen 
Chior it is in solution in (a) methyl- 
eet oo rona 
Write equations, either molecular or 
ionic, for the reactions of-an-aqueeus solu- 
tion of hydrogen chloride with (i) mag- 
nesium(I oxide, (ii) zinc(Ii) carbonate. 


tiga 


zilte 1o 


för i ^! reactions; 


31 sd} 


themireg 


19 v130$010 
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25 Oxygen and its 
Compounds 


Discovery 


Oxygen was first discovered by Scheele in 1772, but Priestley discov d 
independently two years later by heating oxide of mercury. He called it depis 
gisticated air’, but Lavoisier called it oxygen (acid-producer) because he obtal ter. 
acids by heating several non-metals in oxygen and dissolving the oxides in wa 


Occurrence 


Uncombined oxygen exists in the air, forming 21% by volume (or 2990 D 
weight). Nearly half the mass of the Farth's crust consists of oxygen Ina des, 
bined state in the form of water, silicates, many metallic and non-metallic ox! 
and in the form of salts. 
Ls bco m ———Á— X —1 
Experiment 84 


Laboratory preparation of oxygen from potassium chlorate 


Crush some potassium chlorate crystals (20 g) 
in a mortar and grind with them about one- 
quarter of their mass (5 g) of manganese(IV) 
oxide. Place the mixture in a hard glass tube — calcium chloride and collected in a syringe- 
and fit up the apparatus as shown (Figure 128). 


Potassium chloride is left in the tube. 
Heat the mixture and a gas will readily be given 


2KCIO,(s) —> 2KCI(s) + 30:(9) 
off which can be collected over water. aa —> 2Cl- (s) + 302(9) 


as 

Since oxygen has about the same eget, 

air, it cannot be collected by aisplecoien iota 
If required dry it can be dried by anhY! 


Oxygen 


Figure 128 


Test for oxygen 
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It rekindles a glowing splint of wood. This distinguishes it from all gases 
except dinitrogen oxide, N;O. It is distinguished from this gas: 


(a) by having no smell (dinitrogen oxide has a sweet, sickly smell); Hy 
(6) with nitrogen oxide, oxygen produces brown fumes of nitrogen dioxide. 


2NO(g) + O;(8) > 2NO.(g) 


nitrogen 
euis 


Dinitrogen oxide has no effect on nitrogen oxide. 

Inthe aboye experiment the potassium chlorate was heated with manganese(IV} 
oxide in order to produce oxygen. If potassium chlorate is heated alone, it gives 
off oxygen, but only at a fairly high temperature (400 °C). If mixed with manga- 
nese(IV) oxide, the potassium chlorate gives off oxygen at a much lower tempera- 
ture and much more steadily. On analysis of the residual mixture, it is founa that 
the amount of manganesc(IV) oxide is exactly the same at the end of the experi- 


ment as it was at the beginning. 


A substance which can alter the rate of a chemical reaction in this way is called 


a catalyst (see Chapter 19). 


Experiment 85 


Laboratory preparation of oxygen from hydrogen peroxide 


E vol. 
en, 
paronae 
solution 


manganese(lV) Ñ 
oxide 


Figure 129 


This is a convenient preparation because it re- 
GUires no heat. Hydrogen peroxide solution (20 
Voh); is added, drop by drop, to manganese(!V) 
oxide, which catalyses decomposition of the 
peroxide. Oxygen is collected over water 
(Figure 129), 


2H303(aq) —> 2H20(1) + O2(9) 


An alternative preparation (in the same apper- 


atus) is the drop by drop addition of hydrogen 
peroxide solution (20 vol) to potassium 
permanganate in the presence of excess of 
dilute sulphuric acid. Oxygen is liberated until 
all permanganate is decomposed, by which time 
the mixture is colourless. > 


5H;0;(ag) + 2KMnOx(aq) + 3H2S04 (aq) > 
KiSOefaq)i+ 2Mn$0. (a3) -- 8H;O (I) 4-50, (g) 


ci Se UR c M 
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Industrial preparation 
753 SiMe Oxygen exists to such a large extent fn dic 
made to obtain it from this source. It is not easy $, since 5 
unreactive element and cannot readily combine! with anything’ and sien FT 
.sbixori9xXygen pure. By far, the best -process. for: obtaining oxygen industrially is 
liquid air. we B hail E 
Liquid air. Air is first compressed to about 200 atmospheres pressure, eve 
and allowed to escape from a small jet. Expansion cools the air further d is 
heat energy is used in separating the molecules, The cooled air is allow "This 
flow away by passing round tubes containing theincoming compressed Se (0 
:cools-tlHe. incoming “air and these Successive “ooligs “are finally eU e 
liquefy.theair. On evaporation of the liquid 'vitrdveri (bip: ITRY is yd MES 
Jeavibe:a: liquid vety'rich in oxygen (p.p.:00 K'at-760 mm). "This isa ‘i uid but 
»:distilidtion of. the liquid air. Oxygen is Sold'for commercial use not as aq "S 
35 gas Compressed iin strong steel cylinders t ábisit 100 atmospheres press 


T 


Uses T ats us "asufficient] 
1 ) 4 S2B eC Wo. P it 
OPA Bhaid to breathihig where the natural Upply,.of oxygen. is insu 


t 
, ; t hetics are 
for example, in high-altitude flying or climbing, and also when anaesthetic 
administered to a patient, 


: for cuttin 
s (2) In the oxyacetylene flame, which can be used for. s;elding.and.for.cUt? 
even Very thick steel] plate. The t 


emperature of the flame reaches about zn 
(3) In the new L-D process for making steel (page 464), A great and incre 
OXygen:tonrage is'now'bsed in this wayne : : 


Dollsy 


e 


Propertias of oxygen 


Oxygen is a colourless, odourless, 
and has approximately the same 
active element, 
forming ba 


wd $ f, 
neutral gas, is only slightly soluble in wat Y 
density as that of eir. Tt is an exception 
combining vigorously with many metals and non-m 
sic and. acidic oxides respectively; 


METALS -- OXYGEN — METALLIC OXIDES 


most of which are pasic in character 
NON-METALLIC OXIDES ic 
most of which are Acinic in charac! 


NON-METALS ++ OXYGEN —> 


Action with metals 


Ss M t : ; ist below 
The manaerin which OXysen-reaots with metals js suminarized in the list bel 
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7 fhe-following experiment-iliustrates-the-difference-in -reactivity- berween-a-- 
metal high in the list (uagaesium) and a metal lower in the series (jrop) e 
Sony xa jUiv nu 

Experimens 26 : 
Action of oxygen with me 


dse 1o mc 


z m., Lower a piece of burning fron. Attach a piece of iron wire to the end ofa 
magnesii: ribbon by means of tongs into a — deflagrating spoori and dip the end:of the wire 


Feci of oxygen. It burns with a more dazzling “in sulphur (to startthe action): Warm the wire’ 
ams and Tons e white ash, magnesium in the Bunsen flame until the sulphur begins to 


Oxide, burn and then plunge it quickly into a gas-jar of 
p^ oxygen which contains a little water. The iron 
arm (5) E O.(g) —> 2MgO(s) wire burns, giving off s shower of sparks, and. 
7MgBG) Os (ay = 2(M6**0"73(5) finally a molten bead cf oxide drops into the — 
2. $ed VQ X 


water. 


H Titel 

Rind insimilar cases, oxygen isscting as an 
izing agent by accepting electrons (from the 

metal), pting € yns (f: 


arate) E 20.6) EEG. 
VE ii-iton 

somiohe 15qxo evod t tatroxide 
Action with non-metais ^ " 9 ^o baud ; 2 
Non-metals formioxides: nist: Gf Which are acidic, and this is illustrated in the. 
following experiments in tlié Case of the clements, phosphorus, sulphur, and 


Carbon, (77 


Experiment 87 
ction of phosphorus with oxygen 


Place a small piece of yellow phosphorus in a 
edefiagrating:spoon, warm-it untif.it begins to 
bürh; and then plungeit into a gas-jer of. oxygen: 
Figure 130) into which. you. heve previously 
poured a little blue litmus solution. The phos- 
phorus bums with a dazzling flame, emitting 
white clouds of oxides of phosphorus which 
dissolve in the! water! to /farri:acids-of- phos- 


on solution In water: 
Bus Opi E zolecibzé aedi 
BHO) 4. Ps Pg ree A 


+33 bins ne esctbos step erent 


phorie (itt) 
agig 


dio 
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td 


Experiment 82 
Action of sulphur with oxygen 


Sulphur. \n a similar manner, tower a piece 
of burning sulphur into a gas-jar of oxygen 
containing blue !itmus solution. Misty fumes 
of sulphur dioxide are given off es the sul- 
phur burns more. brightiy with its characteristic 
blue flame, and this gas dissolves in the water to 
form sulphurous acid, which turns the litmus 
red. 


S(s) + O:(g) — SO:(9) 


sulphur oxygen sulphur 
dioxide 
SO,;(g) + H20(l) — H2S03(aq) 
sulphurous 
acid 


SRS SEE SS 


Experiment 89 
Action of carbon with oxygen 


Perform the same experiment with wood 
cha-coal (carbon). The charcoal burns and 
emit: a shower of sparks, combining vigorously 
with the oxygen to forma colourless gas, carbon 
dioxide, which dissolves in the water to form 
sarbonic acid. This is only a very weak acid and 
the litmus is turned: claret-coloured but not 
definitely red. 


C(s) + O2(9) — CO2(g) 
carbon dioxide 
€02(9) + H30(!) —> H2C0; (aq) 
carbonic acid 


The above oxides 
which react with wat 
gave the gas the na 


Classification of oxides 
Four important ty, 


lf the above experiment is performed with He 
water in the place of litmus solution, the fore 
water will become turbid because of the 
mation of a precipitate of chalk. 


Ca(0H);(aq) + CO;(g) — 


lime water 1) 
(calcium CaCO;(s) +400 
hydroxide) chalk 
(calcium 
carbonate) 


ue e 


Is 
are examples of anhydrides (that is, oxides of nommer 
er to form acids), and it was because of these that Lavo 
me oxygen (acid-producer), 


pes of oxide are the following. 
A basic oxide is a metallic oxide whic! 
and water only; if soluble in water, it 


t 
h reacts with an acid to produce à sal 
forms an alkaline solution, e.g., 


CaO(s) + 2HCl(aq) — CaCl;(ag) + H,0(); 


CaO(s) + H,0(1) > 


Other examples are: Na;0, K,O (alkalis NaOH 


An acidic oxide is a 


Ca(OH) ,(aq) 


1; KOH); CuO, MgO. 


non-metallic oxide which, when combined with the €l*^ 


ments of water, produces an acid, e.g., 


SOs(g) + H,0() —> H,S0,(aq); 


Other examples are CO, 
An amphoteric oxide is 


P.O, 0(s) + 2H,0() > 4HPO;(aq) 


SO» SiO; (acids H5CO,, H.sO, HiSiO). — E 
a metailic oxide which can show both basic and acie? 


| 
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kroperties, i.e., can react with both acid and alkali to produce a salt and water 
only. ee : i 
Examples are ZnO and Al,O3. 
basic ZnO(s) + H4S0; (aq) — ZnSO,(aq) + H200) 
A1,0s(s) + 6HCl(aq) — 2AICI;(aq) + 3H,0() 
acidic ZnO(s) + ZNaOH(ag) + H200) — Na.Zn(OH),(aq) 
Al,0;(s) -++ 2NaOH(aq) + 3H200) > 2NaAl(OH),(aq) 
The salts from the acidic reactions are sodium zincate and sodium aluminate. 
A neutral oxide is an oxide which shows neither basic nor acidic character 
(as defined above), e.g., dinitrogen oxide, carbon monoxide. 


The basic oxides 
These oxides are the ones which correspond to the commonly occurring salts. 


K Oxides of these metals are 

Na soluble in water forming |Oxides of these metals are 
Ca  Jalkalis not reduced to metal by 
Me Oxides of these metals can hydrogen 

Zn be made from the metal 

Fe by the action of nitric 


Pb acid and then heat. 
(Al excepted) 


Hg Oxides of these metals 
decompose when heated. 


Aluminium oxide Al203 


This is a white solid. It is most conveniently : 
ammonia solution to a solution of an aluminium salt. This 


hydroxide. 
Al,(SO4)3(aq) + 6NH,OH(aq) — 2A1(OH)3(s) + 3(NH,)2S0,(aq) 
The precipitate is then filtered, washed, dried, and heated. 
2AKOH);(s) — ALO3@) + 34200 i 
it shows both basic and acidic 


prepared by first adding dilute 
precipitatesaluminium 


If Prepared at the lowest temperature possible, 


yoperties: 
basic Al,0,(s) + 6HCl(aq) > 2AICl,(aq) + 3H;0(l) 
acidic Al,0,(s) + 2NaOH(aq) + 3H50() > ENRICO) 


aluminate 


"strongly heated, it passes intoa form which is insoluble in both acid and alkali. 
Uses. ee most er form of this oxide is bauxite A10;.2H;0, from 
hich the metal is extracted (page 459). It also occurs in an impure form as 
nery and is used as an abrasive. — dus 3 

Coloured by the presence of impurities, this oxide occurs as the gems, ruby 


n and titanium), sapphire (chromium), and amethyst (manganese). 


* 
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: qo 
pinu büa1lsz a souboiq or EP Beyer etapa mon 109 
Sur mary of preparation of mai oxides af SSC ORIG 
heavy metals from the metals or their Soluble sait$«^ =o 2s 


WAS «— (pe 


(UO: Gh, beta (Rb C Mi) a 
dilute nitric acid s... 


nitate Simei ^ „it 
tuer — insolation c '" ‘ hy 
R 17 > TES et a “ft 19 26) 
solid nitrate add NaOH solution* ^ aqq NaCO; solution * 
hejat hydroxide of metat carbonate of Metil suut 
vite» SUOMBLY, «iege B5:presinitafe: vis tray recipitate; 
i filter; wash; dry filter; was 
si hl šil To sebihelat Sotim ide 
t bir .01 b 2ub: tig 4 
oxide of metal : Oxide of metal oxide of metal «i. 
(* nitrogen (and watery | end &rbon dioxide), 
dioxide and Tem BAF most sj aN 
Oxygen) a iG 1 
Oxides of sodium ang Potassium Na. 0 and 20 
These oxides are not m 


éurse 
: oratory or prepered in the usualéóurs 
vigorously with water to form sodium.and ae 
Na,O(s) + H,0(1) —> 2NaOH(aq) or O?-(s.| qu 


hydroxides, 


20(1) — 20H- (a9) 
Calcium oxide (lime, quicklime) Cao 0:16 obixo t ik 
siib selbba snif «d. bennas A = il 
mu 4 » ot 5o D 
firebrick a 
(ps (, Hi 


t (eHO) 
vastad bun ,| 
(0O.B£ + i 


Gtbion bw stead di Md e:roife ti ia 


d ant 15; basequ 
of gaiq 
limestone d 


Hitalte bos bior Mud eia 
ELLOS &OclA wiv, 
15 not 


x SNE aries or on SWE Shire Figure 131. y 
The hydroxide oc, = : 


nd-carbo; "ASO WS Obtained VU ior oc, ag 
to'a solution of any soluble st ie by adding sodim h 


beds‘ di 


Se 
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hieacnpor limestone, 
iia og 25k 


3. é 


Very large quant ties of calcium e? ide are, d (Figure 131). In 
the laboratory, calcium oxide can be ma ‘a piece of marble in a 
crucible and heating it strongly. in a gas-heated muflie fui A bigh tempera- 
ture is required and an hour or so is necessary to comp fedi 


Experiment 90 
Preparation of quicklime 


pe a loopiiia &toUtiren wire large énobgnito 7' stcsiivis formed and the "éxide'cracke Gnd puffs 
5 x © ploce'ot mdrhie' about the sie of a De. uiand finallyicrunibles te 3 powder about three 
ae the piece of marble in the wire and so — times. as bulky. This isv&taked imo (calcium 
ture" dae tripod. that when a Bunsen. hydroxide) cogno 4 (ust 
er is placed underneath jt, the marble is. : id ger charles UA 

hus above the inner tons of the roaring Bunsen ^ *GsO(5].5/H361 —> Ca(OH} (5) 

ame (see Figure 132). Leave in this position : 3-202) 223p d qunm ele laked lie 

1 : po OAS) Hz) 775 20H 7 (9) 


lo mssilldw rosé water to 181 6n to the staked limo 
;jnonuptil thüfé ts no further action If desired, at this 
stage, the mixture of slaked lime and solution 
can be filtered and the; filtrate shown 1o be lime 
water by expelling air from the lungs (con- 
iaining- carbon: dioxlóa) through a glass tube 
into theisdlution. «i jl “suo” vot 
Sad 36 Suja Sug y at bow i i 
(b) By the action of dilute hydrechiaric.acid 
1: po (Qs Onicale/um carbongte. ervescence is 
seen and the marble finally disappears. Carbon 
(Ydidxide Ts evolved: Which, if passed into lime 
water, turas the latter turbid. 


CaCO,(s) + 2HCI(ad) I ~ 
for 8-10 minutes and than allow to cool Uri" role each fag HiH Ol} 3.0; (3) 


the solid can be comfortably held in the fingers. sior — CO,2*($) 4 2H™ (aq) —> 
The original substance (calcium carbonate) H39(1) + CO; (9) 
(ili 


iy, Dshisvsi02 = af 2 (badiyo 


Figure #322" 
" 932) 


anüthie-fi C !(cálcium oxide) dre very! 1 adr cata ni obis 

Sii ae ante both Being wit sblidis soon) Qa paleivm oxide No evolution of carbon 

The differenze between them.can be readily, «d give a 

Shower zilletom oi m 2d. m abis but will give 
»42 20 HOF 


(a) By the action of water 


(Y On carbur carpait, Hadrians < QUEE. ; 
(ii) On calcium oxide: Add. water e droplót a~ Ca(OH) (aq) :-/2HCMaq) —> 


time to the piece of calcium oxide in a dish. basic acid 
Hydroxide ourn) gbin Gaga + 2H40() 


sa! “Water 


the 


Great heat is develo} ipid pi 
ped (th py Andi pbi 
as the water drops on i eal es 2 

d sa erns EAT. - gn vg 


ayx 
? Progerties.of.caleium oxide © door in bas s4ii563 esl 15236 J 
Calciunvoxideis a white solid: It is very refràctory::tbat is, it will not m) .even 

when heated toa very igh OPERA n merely becomes incand snt and 
— Rives out a powerful light. Jt was at One time used for this purpose (ume-light). 


i 
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vigorously with water (see above) to form slaked lime, which is an alkali. 
' ie outee in Ee is called ‘lime-water’. Since quicklime is-basic in emi 
and hygroscopic (that is, it absorbs water) it is used to dry ammonia gas. d 
used, after slaking, in the building trade to make mortar, and for a very gr 
number of operations needing a cheap alkali. 


Zinc oxide ZnO 


This compound is a white powder (yellow when hot) made in industry by distilling 
Zinc and burning the vapour at a jet. 


2Zn(s) + O;(g) > 2ZnO(s) 
2Zn(s) + O2(g) — 2(Zn?*O?-)(s) 


Itis made in the laboratory from zinc by dissolving the metal in dilute nitric 


acid, evaporating the zinc nitrate solution 80 formed to dryness, and heating the 
residue strongly. 


3Zn(s) + 8HNO,(aq) > 3Zn(NO,);(aq) + 4H,0() + 2NO(p) 
2Zn(NO3)2(8) — 2ZnO(s) -+ 4NO.(g) + 0.(g) 
Zinc oxide is amphoteric (see page 286). 
Zinc oxide (and the oxides already described) cannot be converted into the 
metal by heating the oxides in a stream of hydrogen, 
Zinc oxide is used as a white pigment. 


or 


Iron(Iil) oxide Fe;0s 


State as haematite. Iro ide is made in the 
laboratory: n(III) oxide i: 


(a) By heating iron(II) sulphate, (Note this action — it is a most unusual type? 


2FeSO,(s) —> Fe,0,(s) + SO,(g) + $0,(g) 
Sulphur sulphur 
(See page 418.) Oxide trioxide 


(6) By heating iron(IM) hydroxide strongly, 


2Fe(OH)3(s) —> Fe,03(s) + 3H,0(g) 

Iron(IID) oxide is also the product formed if iron(II) hydroxide is heated 
strongly in the air. All iron(II) compounds tend to become oxidized to iron) 
compounds by the oxygen of the atmosphere; 

It has the usual properties of an oxide. It can be reduced to metallic iron bY 
being heated in a stream of hydrogen or carbon monoxide. 

Fe,0,(s) + 3H;(g —> 2Fe(s) + 3H,0| 
Fe,0,(s) + 3CO(g) + 2Fe(s) + aO) 


Tri-iron tetroxide (magnetic oxide of iron) Fe,0, 


This compound may be prepared by 
burning iron in oxygen. e 
It occurs naturally as magnetit and as such is a natural magnet or "lodesto"' 
On beating it in a Stream of | ydrogen it is reduced to iron (see page 303)- 


Fe30.(8) + 4H4(g) = 3Fe(s) 4 4H,0(g) 


Passing steam over red-hot iron oF by 
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Lead(l) oxide PbO 


This is a yellow powder. It can be made in the laborato: 
oxide, red lead oxide, lead(II) nitrate, lead(II) carbonate, or lead(II) hydroxide. 


action of nitric acid, with subsequent evaporation an 
nitrate. When prepared in the laboratory it usually ruins th 
S eDored by fusing with the glass. It is, in fact, used to make lead glass — a glass 
of very high refractive index. 

Although lead(II) oxide can be considered a typical base, the only common 
acid in which it will readily dissolve is nitric acid. The reason why it does not 


react quantitatively with the others is a purely mechanical one. 
sulphuric or hydrochloric acids. Lead(lI) 


. These two substan- 
n proceed only on the out- 


pae of a particle of oxide, the lead(1I) chloride or sulphate forms as a layer on 
à outside, This layer of chloride or sulphate is not permeable to the acids and 
(For, action stops before any appreciable amount of the salt has been formed. 
Or preparation, see under *Chlorides' and ‘Sulphates’.) 
Rie oxide is easily reduced to grey metallic lead by heating it in a stream 
ydrogen, town-gas, or carbon monoxide. 


PbO() + Hale) — Pb) + H208) 
PbO(3) + CO(g) — Pb(s): + COx(8) 


Lead(II) oxide is also an amphoteric oxide dissolving in caustic alkalis to form 


plumbites, 
NaOH(aq) + PbO(s) + H200 — NaPb(OH)3(a9), oF Na* Pb(OH)3~ 
sodium 
plumbite 


Copper(Il) oxide (black copper oxide) CuO 

This is made in the laboratory by several methods which are given with full 
experimental details on page 24. Copper(1D) oxide is hygroscopic, absorbing 
moisture from the air. It is a basic oxide and dissolves readily in warm dilute 
mineral acid, forming copper(II) salts, €-8- 

Cu0(s) + H2S0s@9 > CuSO,(aq) + H0() 

11) oxide in concentrated hydrochloric acid is gently 
nings in à fume cupboard, copper(II) chloride is 
rous chloride). This precipitates (white) when 
led-out water (which prevents re-oxidation). 


If a solution of copper( 
boiled with clean copper tur 
reduced to copper(I) chloride (cupri 
the mixture js poured into cold, boil 
s) + 2HCl(sq) > CuCl,(aq) + H001) 
SS 4 Cu(S) — 2CuC\(s) 

By a similar reduction, 2 copper(II) ‘sulphate solution, mixed with sodi dtr 
hydroxide solution and sodium potassium tartrate (to prevent precipitation of 
copper(II) hydroxide). precipitates red copper(I) oxide, or cuprous oxide, when 
warmed with glucose (2 mild reducing agent). This test, used’ frequently. by 
biologists to identify reducing sugars, is known as Fehling's test. 


2Cu?*(aq) 4-40H- (a9) +CH, ,O«(aq) — Cu,O() + 2H 20(1) + CoH 20;(aq) 
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Heated copper (II) oxide is reduced to copper by hydrogen orcaroon monoxide. 
CuO() + HE) —- Cu(s):4- H5O(g) dts CuO() +. CO(g) —- Cul) 4- CO:() 1 
Like mánganese(IV) oxide, copper(fT) éxíde:catalyses:thé decomposition of..- 
potassium chlorate by heat. 30 aiji 
Mercury(Il) oxide (mercuric, oxide) Hg. 


This red oxide yields, when heated, a mirror of mercury oa the cooler sides of the 
test-tube, with oxygen evolved: 3 j 


:2HgO(s) —> 2Hg(s) + Os(g) 
The higher gidas -orienmoon ; 


S 


© CRO RSC (UP) GOT Hy ee brn ce i ; 3) 
The higher oxides.are oxides which vontai More oxygen per Molecule than tite, z, 
corresponding basic: oxide, "f 


Sodium peroxide Na;07 ique O' 13 - ow 
This is made by heating sodium in excess ol oxygen  '' Lx É 
2Na(s) -+ O2(g) > Na;0;(s) 


It is a yellow powder and is a vigorous oxidizing agent;it shoula never be 
allowed to come into contact with damp organic matter, With water, it liberates 
Oxygen. It is used in cónfined spaces, e... a subinafitie, wherd mer are working) 


because it absorbs carbon dioxide and liberates oxygen at the same time. 
282,0; (s) + 2H,0() = 4NaOH(aq) 4+- O;(¢)! 
bi 2Na20,(s) + 2CO;(g) —- 2Na,CO,(s) -+ O;(g) 
Sodium peroxide is a true peroxide, containing the O;?- ion, and yields hydro- 
gen peroxide with dilute acids, rp 
Lead(IV) oxide (lead dioxide) Pbo; 
This óxideis a dark-brown powdc: 


7 Ted E | GibsqaoD bf. aboratory as described - 
in the following eie" ler and can he made inthe laboratory as r i 


Experiment 91^ lorh 
Preparation of leadlTVy okien 


" a 
Into a beaker put somo dilute nitric acid and" Wee Une uis "Y METTI 
i mes "with ‘hdt! distilled water ang © 
warm it. By means of a spatula, add. dilead (liy. which it 
lead(IV) oxide (red lead oxide) a litle ate e Slowed ta dry on the filter paper, from 


at atime, y 
Care must be taken not to add too much red ied may then be shaken. 


oxide or it will contaminate the proqicr. As'the'! ;Pb:0.(s) + 4HNO;(aq) m 
red lead oxide resets with thé nitric aciq; a 1 fed lead 802 € (moMoubs: ui Ns 
powder i$ precipitated and lad(Il): nítratg is. (d nutbos br : nolis 

formed in solution. Tha mixtura ie filtered, the. 3bO.(s) + 2H;0(0) + 
residue in the filter paper-i& Washed, two, of. (Mode 


PENO) (69) 
lead (tl) nitrate 


an 
4 ai AGM) 


UD. OD « — (pic ees m uz 
The properties of lead(IV) oxide are summed up by the following experiments 


2 Experiment 92 


Properties of icad(IV) oxide 


.. (i) Action of heat. Heat a little lead (IV) oxide 
in a test-tube and hold a glowing splint in the 


Mouth of the test-tube. The’ splint is rekindled, 


„ Showing the presence of oxygen. Londen 
' Oxide remains as a yell 


the glass. oi Li iit 
2PbO;(s) —- 2PbO(s) + 02(g) 


(ii) Action of concentreted hydrochloric acid. 
Warm a little lead(IV) oxide with concentrated 
hydrochloric acid. A greenish-yellow gas which 
bleaches litmus” is evolved- (chlorine) and a 
White’ (dften-discoloured)-solid.-fead-ebloride, 
may be seen in-the-test-tube—~ € 


PbO,(s) 4-4HCl(aq) —> — 


PbCl (s) + 2H50(1) + Cl(9) 


Red iead oxide (dilead(Il) lead( 


Red lead oxide is prepared by heating lead(I 


of air at a temperature of 450 16:5 


low solidroften fused into af 
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(Compare manganese(IV) oxide.) 

It will be seen from the abdve that/lead(IV) 
oxide “is an oxidizing “agent; If^warm, it is 
‘converted iby sulphur. dioxide: into! lead (I1) 

: sulphate; (a white solid) end the mass glows as 
-:combination'takes place. 


PbO:(s) + SO3(9) —> PbSO.(s) 


iii) Action of hot concentrated ‘sulphuric acid. 

(dd lead(IV) oxide to concentrated sulphuric 

acid in a test-tube and warm gently. Effer- 

-vescence occurs, oxygen is evolved (testasin (i) 

— above) and a white precipitate of lead(Il) sul- 

~phate is left. 

2Pb0;(s) + 2HzS0z(ad) —> 

2PbS0,(s) + 2H20(I) + 02(g) 


IV) oxide) PbsOs 
I) oxide for some time in the presence 


i Gppo(S)-E OIE) — 2Pb30.) 


i x 

This compound, in 

lead(IT) oxide and lea 
lead(IV) oxide (page 292): 

pes 0.6) d; AHNO. 


d(IV) oxide. For example, 


properties, acts as thongh it consists of 
in the experiment in preparing 


(AQ) zs 2Pb(NO3),(s) + 2H20(!) + PbO,(s) 


EO X PbOs + (0) 2H;O + PbO: 
Compare $PbO + PbO: + ON 22 AHR sa + Ru + » 
er i unchanged — 
Or, in the action of heat: 
"^" ppO4)  —3P500) + Ole) 


S50 + PbO; — 2PbO + PbO + O 


2PbO 


or more correctly: 


Hence the action of strong heat on 


Red lead oxide reacts 
sulphuric acid when warm 
oxide (see above)- 

Pb,O4(S) + 
2Pb30,(8) + 6H 


2pb.O,(9) = PLOW) + O(8) 


any oxide of lead is to leave le2d(IT) oxide, 


with concentrated hydrochloric acid or concentrated 
ed to produce the same observed effects as lead(IV) 


sHiCi(aq) —> 3PbCI.(s) + 4H,O() + Cl;(g) 
SO,(aq) ~> 6PbSO;(s) + 6H;O(I) +- O;(g) 


:de has been used for a long time asa pigment (the old name for 
Red lead oxide nium’, gave the name ‘miniature’ to that type of picture) and 


red lead oxide, ‘minty 
is used today, with 0! 
manufacture of elass: 


J, as a jorating material for gas and water pipes and in the 
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Manganese(lV ) oxide (manganeso dioxide] Mn: 


See Oxygen (page 282) and Chlorine (page 362) for the common laboratory uses 
of this substance. It is also used in tbe glass industry. 


Ozone f ; > 

Ozone can be prepared from oxygen by the use of the silent electrical discharge. 

The apparatus is shown in Figure 133. 4 
Doi is passed through the space between the glass tubes. Each Nube 1$ 

coated with tin-foil, which is connected to the terminals of an induction con 


yale 


anhydrous 
calcium - 
chloride 


i Figure 133 


No actual sparking takes place between the layers of tin-foil, nor does the DEDE 
come into contact with-them, buta state of electrical strain exists. The i550! 
gas may contain up to 5% of ozone. This ozonized oxygen should not 
allowed to come into contact with rubber, which is attacked by ozone. 


/30;(5) > 20,(¢) heir 
Other forms of apparatus may be used for making ozonized oxygen. Ta 
principle is the same'as' above, but dilute sulphuric acid takes the place © 
layers of tin-foil. A 


Tests for ozone. It possessesa smell which resembles that of very dilute chlorine 
It is noticeable near an.electrical machine in operation. il of 

Ozone oxidizes mercury and makes the mercury ‘tail’, j.e., leave a tra! nc 
mercury stuck to glass as the mercury flows across it. Quite small traces of 020 
can be detected in this wayi: 6,35 


Properties of ozone O, " 


i i: 5 
Ozone is a gas at ordinary temperature and pressure. It is extremely póisono í 
and rooms containing ‘Operating electrical machinery must be well ventilate di 
It is obtained, pure. by Jiquefaction and is then a dark blue, explosive 114 
boiling at about —112 °C under ordinary pressures, — 


Ozone as an oxidizing agent : Š X 
Ozone is a,ViZotOus oxidizer. It oxidizes, lead(TT) sulphide to lead(11) sul" 


. PbS¢ 4 4 
ee + A038) > PbSO.(s) + 40x(8) 


lead(I]). 
sulphide ^ eb. 


and hydrogen sulphide to sulphuric acid. 


H,S(®) + 40,(g) — H,80,(aq) + 40,8), 
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It also liberates iodine from potassium iodide in acidic solution 
2KI(aq) + H,SO,(ag) + Os() ne + 0,(g) + K2S0.(ag + H200 
iodine 


(brown 
Thi coloration), 
reaction is expressed in ionic terms 25: 
.  2(aq) + 2H*(aq) + Os(g) > 1,(aq) + Os(g) + H00) 
The iodide ion is oxidized by electron loss: 21- —2e —* I,; the electrons are 
Ccepted by ozone acting as an oxidizing agent: 
2H*(ag) + O(B) + 267 —* O;(g) + H200 
f This powerful oxidizing action of ozone makes it useful in very high dilution 
or ventilating places to which fresh air has little access. It attacks the organic 
Compounds which are responsible for the ‘stuffy’ smell. The gas becomes 
Poisonous at concentrations exceeding about 1 in 50 000 of air, by volume. 


Allotropy of oxygen 


Oxygen and ozone are allotropes 
etween them is one of molecul 
oot O,, and ozone a triatomic 
shown by the fact that each can be co 
Pages) without change of mass- f 

The following table compares the two allotropes. 


same element; the difference 
lar complexity, Oxygen having a diatomic 
molecule, Os. Their chemical identity is 
nverted to the other (as shown in earlier 


(page 91) of the 


Oxygen Oz Ozone Os 
cL E Ao E R 
Gas at s.t.p. Gas at s.tp. 
Density 16 (H — 1). Density 24 (H = 1)- 
Insoluble in turpentine. — Teque ae EE 
Heat has no action. leat con' oxygen. 
203(g) — 30a(9): 
No effect on mercury at room oM 'wet' glass 
ti » tailing‘). 
lemperature. qui bbs 


No effect on rubber. : T 
Has no effect.on potassium iodide Liberates iodine from potas- 
olore sium iodide solution. 
Vigorous oxidizing agent. 


Oxidizing agent. . 


Hydrides of oxygen 
to form two principal hydrides. The commoner 


Oxygen may ‘be considered 

hydride is water H,O (see Chapter 23). Oxygen also forms another hydride, 

hydrogen peroxide H202: This compound is.a colourless liquid and. has,bsen, 
flown for more than a century. Its purification 1s difficult and it, was not until 
1894 that it was obtained in a pure sta°e- $ 


Experiment 93 
reparation of a solution of hydrogen peroxide HO: 


Hyd ; ; 
'ogen peroxide ,nay be prepared by acting The materials usually used are barium peroxide 
ids. and dilute sulphuric acid, because the barium 


Upon fs 
the peroxides of certain metals with 2C 


sulphate produced is insoluble and can be 
filtered off. 


Baba O) + B. Sti: lag) 


BaSO, (s) + H0. (ag). 


To 200 cm? of water add 20 cm? of concen- * 
trated sulphuric acid. Place the beaker con-* 


taining the dilute acid in a freézing-mixture of 
ice and salt and alloy it to cool, Gradually add 


- (for(üse, (ps)* HS 


to. ita. quantity | of. previously moistened j 
hydrated “barium peroxide until the mixture 


), only just féacts arid, Tiar allow the mixture to 
besetile and filter it. Add to the filtrate a few drops 


“of baryta water (barium hydroxide solution) 
‘until it is accurately neutral, and the reins 
"'áqueoüs sólütion of hydrogen peroxide Is ready 


315519 vd basibixe zi n 


Properties of hydrogen peroxide Je (pa) 
5; /Fherpure compound.is.a syrupy, liquid. It js; usually .ased 


Water, oos 


yTig12* s 


Experiment 94 © OVUMI i 


£ 5 $ ^X - | 
H 
in'iilute:solution 1D 
s acl 


Action of heat on hydrogen peroxide 


es 

Warm hydrogen peroxide. Solution in: ay test 
tube, Effervescence pccurs. The gas given off is 
oxygen, The gas will not Fekladle a glowing 


Splint becausa\ut the presence of steam« O 
210; liq)» 28.00) + O2(8) 7 


Hydrogen peroxide as an 
In many of its rea, 


ctions hydrogen 
by the following. 


experiments, 


oxidizing agent 10 ^ » S. 
peroxide acts as in’ oxidizing agent, as show 


Expi 


eriment 95 


Oxidation of lead(ft) Sulphide by hydrogen petoxitib: M 


l 
Precipitate lead(I) sulphide 
gen sulphide into a solution 
in & boiling-tube. Allow 
settle, pour off the liquid, a 
lead(il) sulphide soma 


by passing hydro- 
of lead(Il) nitrate 
the precipitate to 
nd add to the black 
hydrogen peroxida 


aking 
turns 
a. 


Solution. Leave it to stand for some time, Sh 
Occasionally. The precipitate gradually 

White, becausa it is slowly converted tc 128 
sulphate. Y 


1 1) 
PbS(s) + 4H0,(aq) > PbsO; (s) + 44200) 


5 used in restoring pictures, H ide in the air 
* "m A ydrogen sulphide in the 
with the white lead carbonate) of the pieli to produce le 


n 
and makes the pieture dingy. Washing with:hydrO" 


peroxide restores the white colour, 


cis 
io) 


tiene de ^09 NOU apparel chia, ei ener 


xperiment 96 
Oxidation of acidified potassium i 
peroxide 
Acidify a solution of potassium iodide with 
dilute sulphuric acid. Add hydrogen peroxide, A 
brown coloration is caused by the production of 
free iodine. 


odide solution by hydrogen 


E 
1 
L5 LEM sua 
2Ki(aa) + H,S0, (a3) -1--H505 (a3) 7 


31,00] 
K2SO,(aq) + haag) + 242" 
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? Here again, hydrogen peroxide is an oxidizing agent, oxidizing potassium 
iodide to iodine, and being reduced to water. 
In ionic terms, this equation is: 


21-(aq) + 2H*(ag) + H20.(aq) —> 2H20() + L;(aq) 
The iodine ion is oxidized by electron loss, as: 2[- — 2e- —> I. The electrons 
are accepted by the oxidizing agent, as: 
2H*(ag) + H20;(ag) + 2e- —> 2H;0() 

That is, hydrogen peroxide is reduced by electron gain. 

Hydrogen peroxide also oxidizes an iron(II) salt, e.g., FeSO,, in acidic 
Solution to the iron(III) state, the solution turning from green to yellow. 

2Fe?+(aq) -+ H;O;(ag) + 2H*(ag) — 2Fe?*(ag) + 2H;0(l) 
A solution of a soluble sulphite is similarly oxidized to sulphate. 
SO,?7(aq) + H20.(aq) — SO,?-(aq) + H200) 


Its powerful oxidizing action makes hydrogen peroxide useful as a bleaching 
Agent. It bleaches hair to a blonde colour, and is used commercially for the 


bleaching of paper pulp, cotton, and other natural fibres. 


Hydrogen peroxide as a reducing agent 

H ide is capable of reacting as a reducing agent towards certain 
her bed pcm aspect of this property is that when it does so one 
Of the products is usually gaseous ox; gen! In these reactions, hydrogen peroxide 
appears to act as a reducing agent by losing electrons (in association with hydro- 


Ben ions), as: i 
: H,0;(aq) > 2H* (a9) + 0:28) + 2e 

The electrons are accepted by the other reacting substance, acting as an oxidizing 

agent. 


SL ET ———— 


Experiment 97 
Reduction of lead(IV) oxide by hydrogen peroxide 


PbO3(s) + HsOa(eq) — 


Suspend some lead(IV) oxide In dilute nitric ARN oct 


cid. Add hydrogen peroxide. Effervescence 
with evolution of oxygen (rekindles 8 ppo(s) + 2HNOs(aq) —> 
Slowing Splint), A colourless solution remains. PRIN Oase HLOQD 
Is reaction, lead(IV) oxide Is converted 
We ISAd(II) oxide PbO, which dissolves in the 
ric $ s 
water Hydrogen peroxide is con | 
vri epueip y eb E La Lure. deli viui tes ie 
b ; ith evolution of oxygen, when hydrogen peroxide 
Similar reactions occur, Wi oe anpe yhen, hydrogen peroxide 


reacts with silver oxide, acidifie 
and ozone, 
+ H,0,@9 > 2Ag(s)\ + H2000) + O2(g) 


f; Ag:0(5) ae 
Silver oxide is reduced to metallic silver (a black precipitate), 
2Mn0;-(ag) + 5H20.(20) + 6H*(ax) —> 2Min*24ag) + 8H;O() + 50,(p) 
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The permanganate ion is reduced to a manganese salt. 
Ox(g) + H,0,(aq) — H;0(I) + 20,(g) 
Ozone is reduced tc oxygen, 


Decomposition of hydrogen peroxide 


Hydrogen peroxide is decomposed catalytically by many substances, &« 
manganese(IV) oxide, finely powdered gold, and platinum. 


2H,0,(2q) — 2H:O(l) =+ 0,(g) 


ide 
Add a pinch of manganese(IV) oxicz to about 5 cm? of hydrogen peroxid 
solution in a test-tube, Oxygen is rapidly evolved (see page 283). 


Sale of hydrogen peroxide 


Hydrogen peroxide is sold retail in 
1 cm? of the solution yields 10 cm? 


^10 volume” and ‘20 volume’ solutions, a 
or 20 cm? of oxygen at s.t.p. when hea 


To minimize loss by catalytic decomposition, the solutions should be as pure 


as possible and th: 


containers free 


from roughness, Some additives, 4-£^ 


acetanilide, can act as stabilizers (negative catalysts) but purity is the best safe- 


guard, 


Questions 


1. Pure oxygen is given off when potassium 
permanganate is gently heated. Draw a 
'«belled diagram of the apparatus you would 
Use to measure, under room conditions of 
temperature and Pressure, the volume of 
oxygen given off when a small quantity of 
potassium permanganate is heated, 

Explain how you Would (a) ensure that the 
volume of oxygen was measured under room 
conditions, (b) obtain the temperature and 
pressure of the room; (c) determine the mass 
of this volume of Oxygen. 

In an experiment, it was found that 228 
cm? of oxygen were produced, measured at 
21 °C and 756 mm of mercury. The mass of 
ihe oxygen was 0.300 E. Calculate (i) the 
volume of the oxygen at S.L-p., (ii) the relative 
molecular mass of oxygen, (C.) 

2. (a) Outline a method by which Oxygen is 
inanufuctured from air. (6) State two methods 
hy which this gas is conveyed to the con- 
sumer; and give one large scale use for the 
gas. (c) Name two compounds which, when 
heated alone, give off oxygen as the only 
n ‘oduct, and write equations for 
gaseous pri 2 N: 
their decaynposition. u» hide ton! ; 
Which te gomtpouadts and Which bunt instr 
dite equations for the reactions 
or OXygt 5 In éach case state how 
which take gene to burn 100 cm? of 
much oxygen is ments of gas volumes 
the gas, (All measure è 
at s.t.p,) (S.) 


rmed wien the 
na meu niit an excess of oxygen: 


> gen, 
(@) carbon, (5) magnesium, (c) hydro! 
(d) zinc. Write equations for the sac oe 
if any, of these products with Wa 
hydrochloric acid, (i) sodium hy TD 
solution. If no reaction occurs, WIE by 
reaction’. State the type of oxide formed 
fach of the four elements, (J.M.B.) 


4. (a) Describe, giving a sketch of your 
apparatus, how you would attempt to ‘aif 
Sure the proportion of oxygen Tii 
(b) Given a supply of hydrogen peror g 
solution, how would you use it to genei 
Supply of oxygen and how would you com 
the gas? (c) Giye the products of the ae 
bustion in oxygen of (i) a non-metal, 
metal, each of your own choice. (O.) 


jes 
5. Describe the Preparation and prope, 
of oxygen. If you had two vessels, onwould i 
taining air and the other oxygen, how 70 
you distinguish them by simple tests 
and C.) diog 
6. Describe an accurate method of foio 
the Percentage of oxygen in the aif. ing 5? 
YOU account for the percentage hd 
TRAY constant when there are many ) 
Which remove Oxygen from the air? (L. 


h 
j u 
E reed two experiments which. Jg 
tory, ji 
which m orm in the SABE gi 


2 
Producer and one which gives an oppor, 
Tesult. What evi is there that the or 


d Describe the usual preparation and col- 

ho lon of oxygen in the laboratory, State 

aci Een may be converted into (a) an 

ES 1C oxide; (b) an alkaline oxide; (c) an in- 
luble basic oxide; (d) an allotropic form. 
lve also a sketch illustrating (d). (L.) 


2, Sulphur dioxide is called an acidic oxide 
Copper(Il) oxide a basic oxide. What is 
ex by these terms? Give two other 
ples .of each of these classes of oxides 
S describe how you would test an oxide in 
der to assign it to one of these classes. 
(O. ang C) 


10. What chemical properties distinguish 

meals 48 a class? Describe in detail three 

in hods by which a metal may be converted 

Whi lts oxide. In each case name the metal 
ch you would use. (L.) 


yu: What are the four chief classes of oxides? 
ne example of each class. 
fr How do oxides of metals differ chemically 
S those of non-metals? 
matte briefly how you would prepare from 
sulpe’, SAEI (a) a solution of copper) 
Peroxide ) a dilute solution of hydroge 
is agate happens when manganese(IV) oxide 
am to a solution of hydrogen peroxide? 


12. How i i i 

on S ozonized oxygen prepared in the 

sheotatory? Describe three experiments to 

ot? how it differs from oxygen. If 100 cm 

to ae rone wero heated and n reduced 

tiginal temperature and pressure, 

Pu Would be the eum of the resulting 
1 G.M.B.) : 

HOW is ozonized ox btained? In 
gen ol 4 

y Tespects does this ay differ from ordin- 

Oxygen? How bas it been shown (a) that 

(6) WES composed of oxygen atoms only; 

than t its relative molecular mass is greater 

that of oxygen? (O. and C) 


H : - 
pa; Describe the properties of ozone. On 
decre, Zonizing 100 cm? of oxygen a 
Voli Of volume of 10 cm? resulted. What 

uds Of ozone had been produced? The 
Solution” gas was treated with excess of a 
followin, Of potassium iodide when the 

Wing reaction took place: 


Os + 2KI + H.0—> 2KOH +I: + Oz 


WE (a) what volume of gas would re- 
liberate?) What weight of iodine would be 
Measured Ming the volumes to have been 
s. Hoe ete (C) 
allotropi, Git OxVBeN be converted into its 
Oxygen ic form? Compare the properties of 
(O; with those of its allotropic form. 
ne and C) pi à 
"n : s 
i ribe fully how you would i 
prepare: 
copper) oxide (CuO) from a mix- 


N 
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ture of copper(II) oxide and lead(II) oxide 
(PbO); (ii) pure lead sulphate (lead(II) 
sulphate) from a mixture of lead(II) oxide 
(PbO); and sand. (N.B. Lead(II) sulphate is 
insoluble in water.) 

Give two different large-scale uses each for 
copper and lead, mentioning in each case the 
property of the metal on which the use 
depends. (C.) 

17. Outline the preparation of the following 
oxides and describe their appearance: 
(i) copper(ID: oxide starting with copper(11) 
sulphate solution; (i) zinc oxide starting - 
with powdered zu carbonate; (iii) lead(II) 
oxide (lead monoxide) starting with crystals 
of lead(I3) nitrate. 

Analysis shows that a cerrain oxide of iron 

contains 30% oxygen. Derive its empirical 
formula. (O.) p 
18. Give the name and formula of a metallic 
oxide (different in each case) whi a Na) on 
heating yields oxygen and a lower oxiNe of 
the same metal, (b) is yellow when hot 
white when cold, (c) is easily reduced 
heating in a stream of hydrogen, (d) i: 
formed by passing steam over the red-hot 
metal. (S.) 
19. Suggest how you could determine experi- 
mentally the proportion of oxygen in a given 
oxide of iron. If the oxide was found to 
contain 30% oxygen, what would be its 
empirical formula ? 

Outline the industrial production of quick- 
lime (calcium oxide) and siaked lime (calcium 
hydroxide) from limestone (calcium carbon- 
ate), pointing out any special features such 
as reversible or exothermic reactions. (O.) 


20. Describe the reactions, if any, of each of 
the following oxides with (a) water, (5) dilute 
nitric acid, (c) sodium hydroxide solution: 
(i) calcium oxide, (ii) carbon monoxide, 
(iii) zinc oxide. Hence classify each of the 
oxides as acidic, amphoteric, basic, or 
neutral. (J.M.B.) 

21. State what class of oxide each of the 
following belongs to: (a) copper(II) oxide 
(CuO), (b) sulphur dioxide, (c) aluminium 
oxide, (d) carbon monoxide, In each case 
give one fact to support your statement. (S.) 


22. The observations given below relate to 
three oxides, 4, B, and C. Classify the oxides, 
and in each case-name one oxide which has 


ies indicat 
tbe eat R e crystalline solid which reacts 
vigorously with water, forming a solution 
which turns blue litmus paper red. TOUT 
Bis a white powder which is insoluble in 
n colourless solutions wh. 


water. It ution: n 
‘separate portions are warmed with (i) driute 
rochii acid, Gi)}-concentrated sodium 
“hydroxide solution. 
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Cis a white solid which reacts vigorously 
with aper forming a white Suspension. 
"When this is filtered the filtrate tums red 
Titmns paper blue. (J,M.B.) 


23. What would you observe if. (a) a solu- 
tion of hydrogen peroxide was added to 
manganese(IV) oxide, (b) an excess of hydro- 
Ben peroxide solution was added to (i) a 
solution of potassium permanganate acidi- 
Sed with dilute sulphuric acid, (ii) lead) 
sulpkide. (J.M.B.) 


24. (a) Write an equation for the decomposi- 


tion of hydrogen Peroxide in the presence of 


( i lu- 
(b) When potassium permanganate sc! 
tion is added to hydrogen peroxide solution 
in the presence of dilute sulphuric acids ce 

Teaction can be represented by the equa 
2Mn0,- + 5H;0; + 6H* —> at 
BHO + 50, + 2M 
State what will be observed aud calculate Er 
volume of oxygen (measured at SiTi 
Teraso from a solution containing one m 
of hydro, roxide. y f 
© State wnat occurs when a solution Ur 
iron(II) sulphate acidified with dilu 
phuric acid is gently warmed with an ¢ gest 
of hydrogen peroxide solution and Sagen 
àn equation for the reaction. What n final 
would you apply to the original an t and 
Solutions to confirm your stateme) 
what would you expect to observe? (O- 
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Occurrence 


Uncombined hydrogen does not occur 
the element occurs in vast quantities in 
Water, acids, and many organic substances. 


4 ! 
in nature to any appreciable extent, but 
a combined state in such compounds as 


Industrial preparation of hydrogen 


Hydrogen has acquired much greater import 
Uses given below. There are now two chie! 
hydrocarbons and by electrolysis. 

(1) From hydrocarbons. In recent years, hydrogen has been made almost 
entirely from hydrocarbons. To use the simpiest example, methane (natural gas’ 
can be passed with steam over nickel catalyst at 800 °C and 30 atm. 

+ 3H;(g) 
ed over iron(III)oxide (catalyst) 


CH.) + H:0() > CO8) 
dioxide with further yield of 


ance in recent years because of new 
f methods of manufacture — from 


m and pass! 


The product is mixed with more stea 
erted to the 


at 450 °C, Carbon monoxide is conv 
hydrogen. 

CO(g) + 3H (g) +H 20(g) => COMB) + AH;(g) 
Carbon dioxide is disselved out bywater under 30 atm pressure. 


HOU) + CO: = H,CO;(16 
onoxide are absorbed under pressure, by 


Any remaining traces of carbon m 


Copper(}) formate in ammonia. oet 
(2) By electrolysis. Hydrogen is obt us E A n 
manufacture of chlorine from common salt (page 202^. 4 
Where IEEE power is cheap. hydrogen ean be made by electrolysis of 
Water containing sulphuric acid. The lab 
discussed on page 155. 


Uses of hydrogen 
least dense gas known but has the preat 


(1) ; It is the t 
For filling „balloons: i et its use is therefore extremely limited. 


disa ility, 2 ; 
dvantage of flammability ine. Oils, e.g., olive oil or whale-oil, 


(y ^g" of oils to make margarin 
ee eu finely divided nickel is added as catalyst. They are then 


treated: bout 5 atm pressure, The oil combines with hydrogen 
uth hydrogen Aid js solid at ordinary temperature and is used in the 


and isen t; which rdiaary | ! 
manufacture of. Med Ta this way, a liquid oil, unacceptable in our diet, is 
"hardened" to an acceptable solid fat and used as a butter-substitute, 

(3) Jn the conversion of coal 19 synthetic ‘petro 


P. A paste of coal-dust and oil, 


re chemistry 
v M aes i i at 200 atm 
Bite oe i i nd alkali as catalyst, is sprayed into en hee 
containing iron orice me products are hydrocarbon paes Aa Ae RT 
prore and T ields a fraction suitable for petrol. (This p 
distillation, min SiR cheap supplies of natural petroleum.) PE IUS 
TES Mc Ee of ammenia. This is Haber's Process, 
(4) In the m re 
dir i ihe synthesis of hydrochloric acid (H(g) + Cl(g) — 2HCKg) an 
i i .g., methanol CH 30H. . 
Se naa ee flame for cutting and welding steel. 


Laboratory Preparation of hydrogen 


i i lled ‘inflammable 
first recognized by Cavendish (1766). It was callec wi 
HU ipe ue idee (i.e., EPA Ret yn Biven to d rigent 
n i the action o! 
i st commonly prepared in the laboratory y the act [ 
asin certain metals, the method used by Cavendish himself. 


— REDE RE 
Experiment 98 


Preparation of hydrogen by the action of dilute acids on metals 


oe eee 
z : 
dilute hydrochloric 
acid 


| 


bia FS 


Figure 134 


over water, as shown in Figure 134. Zinc 


chloride, which is formed, dissolves to form zinc 
chloride solution. 


Collecting the gas in bulk. 

Into a flat-bottomed 
Pieces of zinc and add 
by means of a thistle fi 


Cence, and a gas is g 


Zn(s) 4- 2HCl(aq) —> 
flask or bottle, put some ZnCl (aq) + Kalo) 
dilute hydrochloric acid or, Zn(s) + 2H30* (aq) —> 
unnel. There is efferves- Znèt (aq) + 28,0() + Ha(g) 
iven off which is collected 


pe c Om oki iad Oe 
The extent to which a given metal will Teact with a dilute mineral acid to produse 
hydrogen depends, among other factors, on the position Of the meta! ic “he reac- 
is is summarized as follows, 


——_ 
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Ca Dilute sulphuric and hydrochloric acids attack these metals with 


Mg the liberation of hydrogen. 
Al (Al-with hot concentrated HC] only) 


extremely vioient: these metals are so reactive they will displace hydrogen from 
cold water (see page 244). 

Hydrogen may also be obtained by reaction between certain metals and caustic 
alkalis. Warm sodium (or potassium) hydroxide solution will react with zinc, 
@liininium, or silicon to liberate hydrogen and leave a solution of sodium 


Zn(s) + 2NaOH(aq) + 2H;O(I) — Na.Zn(OH),(aq) + H;(g) 
2A\(s) + 2NaOH(ag) + 6H;O(I) —- 2NaAl(OH),(aq) + 3H;(c) 
Si(s) + 2NaOH{(aq) + H;O(i) — Na;SiO;(aq) + 2H) 
These methods are not usually used in the laboratory. 
An alternative method (though rarely used nowadays) of preparing hydrogen 
is by the action of steam on heated iron, a reaction which is reversible, and which 
needs to be displaced from equilibrium in order to collect a high yield of hydro- 


gen (see page 187). 


Experiment 99 
Hydrogen from water. Action of steam on heated iron 


Into a hard glass test-tube place a plug of 
asbestos iron filings loosely packed asbestos wool soaked in'water, 
lira as shown in Figure 135. With the test-tube in 
the horizontal position, insert a spatula measure 
of iron filings about half-way along the tube. 
Connect up the apparatus as shown. 

Heat the tube under the iron filings, gently at 
first. By moving the flame of the Bunsen burner 
occasionally backwards towards the asbestos 
plug, steam will be generated and will pase aver 
the hot metal. Keep the flow of steam constant, 
and collect the hydrogen by displacement of 


water. 
3Fe(s) + 4H29(9) = FesGats) a 4H. o 


Figure 135 


~ 


E 3 roduce hydrogen. 
Zine reacts in a similar manner with steam to p! 
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Test for hydrogen 


A mixture of hydrogen and air explodes when a flamo is applied. 
Note that hydrogen/air explosions can be very dangerous if more than very 


small quantities are used, and therefore the test fo 
carried out with very small volumes of the gas. 


Properties of hydrogen 


Hydrogen is an invisible gas, neutral te litmus, and, if pure, 
It is much less dense than air, as can be shown using the 


in Figure 136. 


If a gas-jar full of h 


of air (A), 


r hydrogen should always be 


possesses no smeli, 
simple apparatus shown 


ydrogen (B) is held under a gas-jar full 


and the covers of both removed, after a short time 
(approximately fifteen seconds’ 


removed and tested for h; 
The contents of the gas-j 
A hydrogen has passed uy: 
gas-jar to form a mi 
gas-jar will produce 


) the upper gas-jar may be 
ydrogen by applying a. lighted splint. 
ar will explode (or burn), showing that 
pwards displacing the air in the top 


xture. A similar test applied to the bottom 
no explosion or burning, 
hydrogen previously in the bottom jar has all 
. the air from the upper jar, 
Although mixtures of hydro; 
possible to show that pure h; 
* - lighted splint applied to an 
B cause the gas to burn steadily 
a pale blue flame. A lighted sj 


showing that the 
been displaced by 


gen and oxygen will explode, it is 
ydrogen burns steadily in air. A 
inverted gas-jar of hydrogen wil! 
around the edges of the jar, with 
plint pushed up into the gas wiil 


be seen to be extinguished, showing that hydrogen will burn 


in air but will not allow @ splint to burn in it. 
of combustion of hydrogen is water, 


2H5(g) + Oz(g) 5 2H,0(1) 


Figure 136 


The product 


EA GSES STD 


Experiment 100 


The burning of hydrogen in air to form water 


ence eons SSeS OW ere eit fap 


Note: This experiment must not be carried out 
unless safety goggles are wom, 


à and a saf 
screen is used. dad 
This is the synthesis of water, Le., the building- 
up of water from its elements, 


Fit up the apparatus as shown in Figure 137, 

Hydrogen is generated by the action of fairly 
conc hydrochloric acid on zinc. 

Zn(s) + 2H* (aq) —> Zn?* (aq) + H3(g) 
The gas then passes through a U-tube con- 
taining anhydrous calcium chloride in order to 
dry the gas, the hydrogen is burnt at a jet, and 
the vapours are cooled by coming into contact 
with a can kept cool by water. 


2H;(g) + 02(g) —> 2H20(1) 
from 
air 


When the apparatus has been set up (use 
rubber stoppers or very well-fitting bark corks), 
place a test-tube over the jat and collect a test- 
tube full of hydrogen by displacement of aif- 
When this test-tubo fuli of gas burns quietly 0^ 
the application of a flame to it, light tho jet 8nd 
allow the flame to burn so that it just does 00t 
touch the cooled can, 

Moisture wili condense on the can and will 


drop off into a dish which is placed below f 
receive the liquid, 


The liquid can be shown to bo water by th? 
tests described below: 


1. Action on anhydrous copper(I!) sulphate 
Allow a drop of the liquid to fall on te anhydrous 
copper(II) sulphate. A blue patch on the whit? 
solid (with hissing and development of l* 
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and conc, 
car acd 
Figure 137 : 
indicates t. t water is present, but does not 
prove the liquid to be pure water. slit for escapa 100°C, 1f al 
CuSO, (s) + 5H20(I) —> CuSO4.5H20(s) of vapour pressure is 760 mm 
2. Boiling-point (see Figure 138) N 


1f the atmospheric pressure is 760 mm, the 


be 0° min pressure. é 
0 °C at 760 pri i T3 


4 


heat 


Figute 138 
—— 
ERa mort enis TE sie IE E 
180topes of hydrogen =a Farena 
h 5 st three iso! = arye 
It may be briefly mentioned that hydrogen has epre T. All these have one 


hydrogen drogen or deuterium D. 1 A 
oe e. ores! hy oiim, the nucleus. of the atom consists Md cur 
proton; in deuterium, the nucleus contains a protun ane 2 neutrons : 
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contains a proton and two neutrons. The 


therefore, H — 1, D 


Questions 


l. (a) You have been provided with a simali 
zinc. How would you 
of hydrogen produced 
ves completely in dilute 


How would You test whether this is so? How 


2; Briefly outline the apparatus and con- 
ditions that you would use to Prepare and 
collect hydrogen by the action OL water On 
(i) calcium, (i) iron. Name the other pro- 
ducts of the reactions, 


Of increasi he 
(.M.B) Nen 


(b) Hydrogen is also obtained rapidly 
when steam is passed over heated magnesium, 
Describe what you would see in this re- 
action and give a reason why there is such an 
increase in the rate of reaction under these 
Conditions compared to that with magnesium 
and cold water. 5 

(e) How would you obtain hydrogen by 
electrolysis in the laboratory? Name the 
"lectrolyte used, and state the name and 


peed up the reaction, - 


o 
approximate atone masses are 


E = ch 
= 3. Protium and déuterinm resemole eats 
ur, deuteriuin being somewhat less reactive. 


waler D,O ^it resembies ordinary water but 
has a higher density (about 1.10 g cm-? 


æl room iemperature). Tritium i 
years - thatis, in that time, half of the 
ucts of the radioactive change. 


polarity of each electrode and the material 
of which it is made, Give the name of the 
product at each electrode and write equations 
for the reactions occurring during their 
discharge, * 

(d) What is there in common between the 
reaction at the cathode in (c) and the re- 
action in (a)? (J.M.B.) 


copper(II) oxide (cupric Oxide), lead(11) 
oxide (lead monoxide), magnesium oxide, 
zinc oxide. 
Choosing one of these oxides which can 
Teduced, (a) give the equation for the 
reaction, (b) state what you would s3 
the reduction is comnletg 


extraction of a metal from its ore? Illustrate 
your answer ‘by briefly referring to the ex- 
traction of iron and aluminium, (J.M.B.} 
5. Drawa fully labelled diagram to illustrate 
the usual laboratory preparation and col- 
lection of hydrogen by the action of a named 
metal on a named acid, f 
Hydrogen can be Obtained by the action 
of iron on steam at 500 C; 


State what would be obtained if the follow- 
(ae Were left in a closed vessel at 500 °C: 
and steam, (ii) tri-iron tetroxide 

dr. 


sXplain why the sign = is used instead of 
^n ‘equals’ sign (=) in the above equation. 


ny, of water or 


Most reactive first, UMB) ” pienes 
6. With what results and unde 

. | T what con- 
ditions does hydrogen react with (i) nitrogen, 
Gi) sulphur, (iii) chlorine, and what is the 
effect of water Upon each Product ? 


Caléulate the volume of hydrogen (mea- 
Sured at s.t.p.) released when 2 moles of 
water are (i) allowed to react with sodium, 
Gi) passed as steam over strongly heated 
magnesium, (iii) electrolysed after suitable 
8cidification. (O.) 


7. Sketch an apparatus by means of which 
you coul measure the volume of gas 
liberated in a chemical reaction between a 
Solid and a liquid. As a result of such an 
experiment it was found that 148.0 cm of 
hydrogen (corrected to s.t.p.) were released 
by dissolving 0.16 g of magnesium in hydro- 
chloric acid. Given that one dm? of hydrogen 
at s.t.p. weighs 0.09 g, calculate the mass of 
magnesium which displaces 2.0 g hydrogen. 
Give three chemical properties or reactions 
of hydrogen. (O.) 


8. A method for manufacturing hydrogen 


involves the following steps: ` 
(i) Methane and steam are passed over a 
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nickel catalyst at 400 °C, producing a mix- 
ture of carbon monoxide and hydrogen. 

(ii) The mixture of carbon monoxide and 
hydrogen, together with more steam, is 
passed over a hot irón oxide catalyst. This 
converts the carbon monoxide and steam 
into carbon dioxide and hydrogen. 

(iii) The carbon dioxide is removed from 
the mixture. 

(a) Write balanced equations for the 
reactions in steps (i) and (ii). (b) Both of the 
reactions in steps (i) and (ii) involve a cata- 
lyst. What is the function of a catalyst? 
(c) How does the composition of the gas 
mixture resulting fromstep (i) (1) resemble and 
(2) diffe- tram that of water gas? (d) Suggest 
a method of removing the carbon dioxide in 
step (iii). (Remember that this is an industrial 
and not a laboratory process.) (e) If you had 
two gas-jars, one containing carbon mon- 
oxide and the other hydrogen, how would 
you find out which gas was in each jar? 
(Scottish.) 


———————MMÁÓÓM—À——YáÀ——' 
27 Carbon and its 
Compounds 


Occurrence of carbon 


Pure carbon is found in the form of diamond (India, South Africa) and impure 
carbon as graphite (Ceylon). Carbon is a constituent of numerous naturally 
occurring substances such as coal, mineral oils, carbonates, organic matter of all 
kinds, and occurs in the air to.a small but very important extent (0.03-0.04% by 
volume) as carbon dioxide (see page 312). 


Allotropes of carbon 


Carbon exists in several allotropic modifications. Two of these, diamond and 
graphite, have already been mentioned (see page 91). 


Diamond 


The diamond is in the form of octahedral crystals of density 3.5 g cm7? which 
have, when cut and polished, an amazing lustre which makes them valuable as 
Jewellery. It is also the hardest substance known and has a commercial value for 
the manufacture of glass cutters and rock borers. 


Graphite 


Graphite exists as black, slippery, hexagonal crystals. It is found naturally as 
plümbago and is manufactured artificial 


ly by heating coke to a very hi; tem- 
perature in the electric furnace (Acheson process). d. 


Amorphous carbon 


aped d (which is really made up of small crystals of graphite) exists 
Animal charcoal is made by heatin animal i imi 
supply of air. It also contains much ees ee tae oe Lo 
absorbing colouring matter (for example, litmus) and has a use in adus 3 in 
removing the colouring matter from brown Sugar, S 
Wood charcoal is made by heating wood with a limited supply of air. It is a 
> light porous variety, and is a remarkably good absorbent for gases (1 cm? of 
wood charega! wili absorb nearly 100 cm? of ammonia gas at 0 °C). 
Lampblack is uid by burning oils (for example, turpentine) with a limited 
supply of air, and it is used for making printers’ ink and shoe-polish, 
Sugar charcoal is à very pure form of carboa, and is made by removing the 
«iements of water trom sugar. ™ 
- 
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Coke, gas carbon, and soot are other forms of impure amorphous carbon, 
The crystal structures of diamond and graphite have already been described 
(see page 91) and the main differences in the properties of the two allotropes 


are summarized in the following table. 


Graphite Diamond 


Density 2.3 g cm-? average; Density 3.5 g cm-? average; 


variable variable 
Black, opaque Colourless, transparent; 
very high refractive index 
Vory soft, marks paper Hardest known natural 
+ substanco 


Electrical non-conductor 


Good electrical conductor 
Not attacked by these reagents 


Attacked by potassium chlorate 
and nitric acid together” 


Diamond is transparent to X-rays while glass is almost opaque. 


Properties of carbon 

Carbon is not a very reactive element. All forms of carbon can be made to burn 

in excess of oxygen to form carbon dioxide, although the temperature at which 
| they begin to burn varies. As the carbon burns a great amount of heat is liberated. 
^ C(s) + O(g) > CO:(9) 
carbon and, as such, is still used as a domestic source 
of heat. Its use is, however, uneconomic in an open grate, as a considerable 
amount of the heat of the combustion goes up the chimney and also many 
valuable products are lost. Further, much of the carbon escapes as soot, polluting 
the air in rod eger industrial areas. Charcoal is also used in fires es a source of 


heat. A : 
“The reactions in a deep, brightly glowing coke or coal fire are those given. 
below and illustrated in Figure 139. 


Coal is an impure form of 


7 
* 
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At A plenty of air is available, Carbon burns to carbon dioxide. 


At B ascending 
monoxide, 


At the surface the hot 


ores. (See page 462, and page 461.) 


C(s +.0,(2) > CO.(g) arbon 
carbon dioxide is reduced by red-hot carbon to c 


CO:(g) + C(s) > 2CO(g) 


5 n 
carbon monoxide burns in the air (to form carbo 
dioxide) with a flickering blue flame. É 


Experiment 107 


Reducing Property of carbon 


Scrape a small hole in a charcoal block and 
place in the hole a mixture of load(Il) oxide and 
anhydrous sodium Carbonate. (The carbonate 


1 a jet of flame by 
means df a mouth blowpipe on to the mixture, 


and heat itfor a few moments. Allowto coo! s 
on ejecting the substance from the hole, you ne 
find a small grey globule of metallic lead whic 
can be cut with a knife and which will mark 
paper. 


PbO(s) + C(s) —> Pb(s) + cO(g) 


cci sni CIEN e 


Tn this reaction, carbon in association with the O2- 


ion of the oxide makes 


available and, therefore, acts as a reducing agent, as: 
O?7(s) + C(s) > CO(g) + 2e- 


The ion, Pb?*, of lead(II) 


oxide is reduced by accepting these electrons, as: 


Pb?*(s) +. 2e- —> Pb(s) 


has to be removed. Since cari 
be done by dismantling the 


Producer gas 


Producer gas is a fuel gas made by passing air thro 
coke in a producer (Figure 140). In the 


excess, the reaction is: 


C(s) + On(g) > CO,(g) (strongly exothermic; Le., hi 
As-the carbon dioxide rises through the mass of white-ho 


tion is: 


le in all common solvent. 


ugh a thick layer of white-hot 
lower part of the Producer, with gir in 


eat liberated) 


t coke, the further reac- 


CO,(g) + C(s} — 2CO(g) (endothermic; Le., heat absorbed) 
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> 
eS 


„Figure 140 


On the balance of these reactions, net heat is liberated and the reaction can con- 
tinue indefinitely. 

The gas emerging from the producer consists of carbon monoxide (one-third 
by'volume) and unchanged nitrogen of the air (two thirds). This producer gas is 
usually distributed, while still hot from the producer, to points on the site where 
heating is required; it is mixed with air and burnt to produce more heat. 

2CO(g) + O.(g) — 2CO.(g) (exothermic; heat liberated) 
Since two-thirds (by volume) of the gas is non-combustible nitrogen, its calorific 
value is not high. It nas been found very useful, however, in such processes as the 


firing of retorts and glass furnaces. 


Water-gas 
Water-gas is produced by the passage of steam through a mass of coke at a 
temperature (minimum 1000 °C) which allows the reaction: 
C(s) + H,0(g) — CO(g) + Ha(8) (endothermic; heat absorbed) 
f carbon monoxide and hydrogen, both of which are 


c value. 
ic, so the temperature of the coke 


hout reaction and, also, incora- 


giving equal volumes o! 
Combustible, so the gas has a high calorifi 
As shown, the above reaction is endothermi 
falls. Below 1000 °C, much steam passes wit 
bustible carbon dioxide is formed. i 
C(s) + 2H,0(g) > C08) + PERRA coon a 

is si i imi ucer above, is used 1n 
Bets sitione ase pedea fü temperature of the 


following way. An air-blow of about 
cake to candesemes (perhaps 00 1300 Os E our min roc 
9t produ ; Then a steam-blow of about tour, astes y 
Water-gas, winch a collect This cools the coke and the air-blow i5 renewed 
and s, : 
Water-gas can be bürnt asa fue both the following reactions 


1ng exothermic. 
2H,(2) + O,(g) > 2H;0(85 2CO(g) + O;(g — 2COx(g 


] gas with aif, 
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The high carbon monoxide content makes the gas poisonous. It has been A 
industrial source of hydrogen and of organic chemicals, e.g., to make methano : 
Water-gas and hydrogen are passed, with heating to 450°C, over a catalys 
(oxides of zinc and chromium) at 200 atm pressure. 


CO(g) + H;(g) + Ha) — CH3OH() 
emo lets 
water-gas 


Carbon dioxide 


This gas was first observed by Vaa Helmont towards the end of the sixteenth 
century, but Black (1728-99) first showed that the gas could be prepared by the 
action of dilute acids on calcium carbonate. It occurs in the air on the earth’ s 
surface to the extent of about 0.03% of its volume; it issues from rocks 10 
yolcanic regions, and occurs in mines as ‘choke damp’. Certain mineral springs 
contain the gas and it is always present in natural drinking water because of its 
solubility in water. Its biological importance is dealt with on page 237. 


It is prepared by the action of dilute hydrochloric acid on marble (calcium 
carbonate). 


Experiment 102 
Preparation of carbon dioxide 


| -.. Figure 141 


Place several pieces of marble | at 
bottle), as shown in Figure 141, ir. melle 9 . COs?- - 2H* — H,0 + CO; 


dilute hydrochloric acid down i 
on to the marble. Thera is enon 
colourless gas is liberated which (s collected 
over water® or by downward delivery, the 
gas being denser than alr. Calcium Chloride 
solution is left in the flask. 
CaCO, (s) + 2HCl(aq) — 

CaCl;(q) + H20(l) + CO, (g) 


* There is some loss due to the solubility of the 
pressure, absorbe its own volume of carbon dioxi 


If the gas is required pure and dry it can be 
passed through potassium hydrogencarbonet? 
Solution in & wash-bottle (to remove suspende" 
hydrochloric acid spray), dried by passing Ï 
through a U-tube packed with anhydrous 
calcium chloride and collected by downward 
delivery (the ges taing denser than air). 


i E in water, Water, at ordinary temperature and 
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After several gas-jars of carbon dioxide have been collected the following 
experiments may be performed to illustrate the general properties of the gas. 


SS 


Experiment 103 


Some Properties of carbon dioxide 


Effect of carbon dioxide on a lighted splint 

Plunge a lighted splint'into a gas-jar of the 
gas; It is extinguished. Carbon dioxide does not 
*''Eport combustion. 


Action of carbon dioxide on lime-water 


Pour lime-water into a gas-jar full of carbon 
dioxide. The lime-water goes milky. If the 
mixture is'ellowed to stand, you will see white 
Solid'particies separate out. These are particles 
Of.chalki The milkiness is due to a suspen- 


Sion of the insoluble: substance, chalk, in” 


Water, 
Ca(OH), (aq) i- CO2(g) —> CaCO;(s)-+-H0(I) 


calcium carbon calcium water 
hydroxide dioxide carbonate 
solution (chalk). 


The above test serves to distinguish carbon 
dioxide from any other gas. 
Effect of carbon dioxide on a lighted candle 
Lower a candle on à deflagrating spoon into a 
gas-jar of air. The candle can be extinguished 
by "pouring! carbon dioxide into the gas-jar 
in which the candle is burning (Figure 142). 
This shows carbon dioxide to be denser than 
air (density 22 relative to hydrogen). 


carbon 
dioxide 


His | 4 


Figure 142 


Effect of carbon dioxide on burning magnesium 
Lower a piece of burning magnesium into 
carbon dioxide in a gas-jar. It continues to 
burn for a short time with a spluttering flame, 
and black specks of carbon can be seen on the 
sides of the gas-jar. The magnesium burns to 
magnesium oxide. 


. 2Mg(s) + CO2(g) — 2MgO(s) + C(s) 
' This clearly shows carbon dioxide to 
contain carbon and oxygen. 


Solution of carbon dioxide in water 


Invert a.gas-jar of carbon dioxide in à trough of 
cold water and shake the gas-jar. The water 
rises slowly, showing that the gas is soluble. 
Put a glass plate over the mouth of the jar and 
remove it. To the liquid in it, add blue litmus 
sclution and shake. The solution becomes 
claret-coloured but not red. Thís is because 
carbon dioxide reacts with water to produce 
carbonic acid, which is, however, too weak to 
turn litmus solution red. 


H,0(I) + CO2(g) = H2CO3(aq) = 


water carbon carbonic 
dioxide acid 
2H*(aq) + CO;?- (aq) 
(very slight) 


Carbon dioxide is an acidic oxide. 
Action of carbon dioxide with sodium hydroxide 
solution 
Repeat the “bove expe 
hydroxide solution insteat i 
Ds of the solution shows that the gas is quickly 
absorbed. The acidic carbon dioxide Teacts with 
the alkaline solution producing sodium car- 
bonate. 1 

CO,(g) + 2NaOH(aq) —> 

; Na,CO,(aq) + H20(I) 
or CO2(g) + 20H-(sq) — 
Í CO5?-(aq) + H20(i) 
This reaction is discussed more fully later (page 
320). 


riment, using sodium 
id of water. The rapid 
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Uses of carbon dioxide 


Solutions of the gas in water hav 
and hence the gas is used in the 


‘mineral waters’, The effervescen 


) 


ater) 
€ a pleasant taste (the taste of soda war 
manufacture of the effervescing drinks k 2 
ce is caused by dissolving the gas in wate! the 
when the pressure is released (by opening 


ate, the temperature falling to 


T tes 
—78 °C as the solid forms, The solid evaporate 
when heated, lcaving no residue 


A t 
„and it is, therefore, used asa refrigerating agen 


à E rn . T ioxide ^ 
wing to its non-flammable nature and its high density, carbon doni ol 
used for extinguishing fires. One type of fire extinguisher contains a so " puri? 
which can be made to Come into contact with dilute sulp 


to the burning material and So helps to put out the fire. Another DP 
tinguisher contains carbon dioxide under high pressure; this type can 1 


; 4 ; ad 
Intermittently, whereas the acid-carbonate type has to be recharged after €' 
use. For solid CO, crystals, see page 87, 


Test for carbon dioxide 


s jum 
Carbon can be tested for by passing the gas into lime water (a solution of calciu 
hydroxide) which turns milky due to the formation of calcium carbonate. 


Ca(OH);(aq) + CO;(g) —- CaCO;(s) + H;O(l) 


If the gas is passed 


: ; ] ê 
in excess, the lime water will turn clear again due to th 
formation of calci 


um hydrogencarbonate, which is soluble. 


CaCO3(s) + H50() + CO2(g) > Ca(HCO5),(aq) 


Carbon monoxide 


Carbon monoxide is a Poisonous, colourless gas with practicaily no smell, It i5 
present in coal-gas and other gaseous fuels, It is formed bythe DUE combustion 
of carbon, and poisoning by the exhaust fumes of a motor-car in an enclose! 
Space, for example a Barage, is due to the 


po t racteristic Cherry-red in colour. dm 
atmosphere containing as little as 0 5% carbon Monoxide may cause death | 
breathed for some time, and an atmosphere c. 
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ESS 


Experiment 104 


Preparation of carbon monoxide from ethanedioic acid (oxalic acid) 


oxalic acid crystals 
and concentrated 
sulphuric acid 


carbon 
monoxide 


concentrated Issium. 
hydroxide Chae 


to absorb carbon 


dioxide 


Figure 143 


Fit up the apparatus as shown in F'3ure 143. 
Place some crystals (H;C,0,.2H;0) in the 
strong flat bottorned flask and pour concen- 
trated suiphuric acid down the thistle funnel. 
Warm the mixture gently (slways have the 
greatest respect for hot concentrated sulphuric 
acid), The white crystals dissolve, effervescence 
is observed, and a mixture of carbon monoxide 


Chemistry of the action. Oxalic a 


concentrated sulphuric acid removes 
f equal volumes of carbon mo! 


oxalic acid, leaving a mixture o 


dioxide. It is because the carbon dioxid 
a small trace of impurity, that it is necess 
bottles containing potassium hydroxide s 


thi e MUT 
cid has the formula H;C;04 and the hot 


and carbon dioxide gases is evolved. By passing 
the mixture through a concentrated solution of 
caustic potash the carbon dioxide is absorbed, 
and the carbon monoxide passes on and is 
collected over water in which it is insoluble, 


2KOH(aq) + CO2(g) — 
KCO; (aq) + H.O(!) 


the elements of water from the molecule of 
noxide and carbon 


e is there in quantity, and not merely as 
ary to pass the gas through two wash- 


olution. 


HC204(s) > CO(g) + COs(B) +H0(1) 
oxalic carbon carbon ^ water 
monoxide dioxide (removed 


acid 
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Experiment 105 


Preparation. of ‘carbo 


n monoxide from sodium miethanoate (sodium 
formate) 


Figure 144 


Fit up the apparatus shown in Figure 144, 
Place one or two spatula Measures of sodium 
formate in the flat-bottomed flask and allow 
concentrated sulphuric acid to run in from the 


tap funnel. The reaction takes placo in the pos 
effervescence is observed, and carbon monoxi 
is collected over water in which it is insoluble 


Chemistry of the action. Sodium form: 
acid from which the cleiaents of water 
trated sulphuric acid: 

HCOONa(s) + H,S0,(aq) > HCOOH{(aq) + NaHSO,(aq) 
HCOOH(aq) — CO(g) + H,0(1) 


ate is converted into formic (methanoic) 
are immediately removed by the concen- 


removed 

by acid 
The above actions take place simultaneously and can be represented by the 
equation: 


HCOONa(s) + HSO,(aq) —> NaHSO,(ag) + CO(g) + H,0(1) 


burns in air with a blue flame, forming carbon 


urbid, forming a precipitate of chalk)» 
Properties of carbon monoxide 


Carbon monoxide is quite a stron, 
is passed over heated lead(II) oxide t 
observed. The carbon monoxide has the lead(II) oxide to lead, being 
itself oxidized to carbon dioxide. 


PbO(s) + CO(g) — Pb(s) +. CO;(g) 
The gas will similarly reduce copper(II) oxide and iron(II) oxide to the metal. 
CuO(s) + CO(g) — Cu(s) + CO,(g) 
Fe,03(s) + 3CO(g) — 2Fe(s) + 3CO;(g) 
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In all these reactions, carbon monoxide, i jatii 

I t , Cà noxide, in association with the G2— 

oxides, makes electrons available and so acts as a reducing MUR uico a 
, as: 


O?- + CO — CO, + 2e7 
The metallic ion is reduced by accepting these electrons: 
Cu?^* + 2e7 — Cu 
Pb?* + 2e- — Pb 
2Fe? + + 6e7 — 2Fe 
As already noted (see page 314) the gas is extremely poi: i i 
combines with the haemoglobin in red blood corpuscics SORA REE the 
carriage of oxygen by the haemoglobin to essentia! sites in body cells. : 


In contrast to carbon dioxide it is a neutral oxide; i is ins i 
c on i ;it is insoluble in watei 
does not react with either acids or alkalis under normal conditions y 


Carbonates 


Carbonates may be regarded as salts derived from carbonic aci 

rbon CHER Y acid 

which is formed when carbon dioxide is dissolved in water (page 33. mie ren 
below summarizes briefly the important properties of the common carbonates, 


K } Carbonates Carbonates of these metals 


an soluble. not decomposed by heat. 

‘a 

Mg | Carbonates Carbonates of these metals}, Any carbonate 
Al of these decomposed into oxide of with any acid 
Zn > metals the metal by beat liberates carbon 
Fe | insoluble (Al forms no carbonate) dioxide. 

Pb in water. 

Cu 


Ammonium carbonate is also soluble in water. 


Test for any carbonate 


Put some of the suspected ca 

carbonate is present there Wi 

turn lime-water milky: 
CO,-() + 2H*(ag) —H200) + CO;(9) 


rbonate in a test-tube and add dilute nitric acid. If a 
ll be effervescence and the gas which comes off will 


Ammonium carbonate (NH4);COs 


This compound is prepared as a sublimate, by heating ammonium sulphate with 


limestone. 
(NH4JSO.()) + CaCO,(s) —> (NH4),COs(5) + Ca$04() 


tuent of ‘smelling salts’ since it decomposes readily to 


It is used as a consti 
id water. 


ammonia, carbon dioxide, an 


Potassium carbonate K;COs 
Potassium carbonate is very similar to sodium carbonate. (See page 318.) Tt 
olvay process because the hydrogencarbonate 


cannot, however, be made by the S 
of potassium is too soluble. It is made by the Leblanc process and in other ways. 
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It is used to make soft soap, hard glass, 


Sodium carbonate (soda ash) Na;CO, 


Sodium carbonate 


is obtained in both the anhydrous and crystalline states by 
the Solvay Process, 


Solvay process 


NaCl) is saturated with ammonia gas in a ronen 
and the ammoniacal brine is run down further Solvay towers up Which carbon 


ers are fitted with perforated Inushroom-shaped 
baffles at intervals (Figure 145). These baffles delay the flow of liquid and present 


waste gases 
— 


—— Suspension of Sodium 
ydrogencarbonate 


Figure 145 


Surfaces for reaction. Sodium hydrogencarbonat 


B f € is formed. It is not very soluble 
In water, so It prec; 


ipitates; precipitation is assisted bv cooling the lowest third 
of the tower, d 
NaCl(aq) + NH.OH(aq) + CO; > NaHCO,(s) + NH.Cl(ag) 
Sodium h 


x from the white sludge and Washed free 
meon: monium, compounds. It is then heated to Convert it to sodiu 
Ci 


n carbonate, 
de evolved is used again, 
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2NaHCO,(s) — Na;COs(S) + H;O(g) + COs(g) 


The substance formed: is anhydrous sodiu: 

d. is y m carbonate, which finds i 
market. If the crystalline form (washing soda) is required, the anhydrous ihe 
dissolved in such an amount of hot water that crystallization occurs on coolin 
The crystals are removed and allowed to dry. E 


Na,CO,() + 10H,0() — Na;CO 10H; 06) 


Efficiency of the process 

(1) The principal raw materials for the process are cheap and plentiful. They 
are sodium chloride and limestone. The common salt is extracted from deposits 
as brine; the limestone yields quicklime and carbon dioxide when heated. 


CaCO,(s) = Ca0(s) + COx(g) 


Carbon dioxide is passed to the carbonating tower and a i fofi 
5 H > a pproximately hal 
is recovered in the heating of sodium hydrogencarbonate be peor 

Ammonium chloride NHa4*Clz is left in the solution after precipitation of 
sodium hydrogencarbonate or is washed out of the precipitate. Ammonia is 
recovered by heating the solution and washings with quicklime (above) and 
returned to the 4mmoniating tower. 

CaO(s) + H200) > Ca(OH)s(s) 
JNH,Cag) + Ca(CH),() — Cal (aa) + 28200) + 2NH3) 

Consequently, once the pipe-line is full, no further external supplies of ammonia 
are theoretically required. In practice, about 2% of the ammonium chloride in 


use is added per circuit to restore manipulative losses. 
(2) The process Is one of continuous flow aad only a minimum labour cost. 
(3) The principal weakness of the process is its failure to utilize the chlorine 
of the sodium chloride used. This is lost as calcium chloride (see equation in (1) 


above) for which there is only slight demand. 


Uses of sodium carbonate 


Three of the important uses of sodium carbonate are the following. 


(a) Manufacture of glass. Ordinary bottle glass is made by fusing together 
sodium carbonate (or sulphate), calcium carbonate, silica, and a little carbon 
(reducing agent). Broken glass (cullet) is added to assist fusion. 


Na,CO,(s) + SiO,(s) > Na,SiO3(s) + CcO,(g) 
CaCOs(s) + SiO,(s) > CaSiO,(s) + CO2(8) 


The mixture of silicates (with some unchanged silica) constitutes the glass. 
(b) Manufacture of water-glass. Sodium carbonate 1$ fused with silica to 
produce sodium silicate. 
Na,CO5(s) + SiO.) ~ Na,SiO3(s) + CO2(8) 

which is broken up, boiled with water and 
material, known as water-glass. It is used in 
preserving eggs, in. fire-proofing, and in producing cements. — : 

(c) In domestic water-softening. alcium ion, Ca?*, which is the principal 
cause of hardness in water, is precipitated from the water as chalk Ca?*CO,77, 
by the addition of sodium carbonate. 


i 
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Experiment 106 


Preparation of sodium carbonate from 


Se ieee ER 


sodium hydroxide solution 


sodium, hydroxide 
solution 


_ice-water 
cooling 


sodium hydrogencarbonate 


water to 
remove acid precipitate 
Figure 146 


2NaOH(aq) + CO3(g) —> 
Na;CO,(aq) + H,0(I) (1st stage) 
Ma4CO;(aq) + H20(1) + CO; (g) —> 


2NaHCO,(s) (2nd stage) 
In ionic terms: 


?0H-(aq) + co, (g) —> 


CO, (aq) + H3O(l) (1st stage) 
OI 


C03?" (aq) 4- H;O(l) + CO;(g) -> 
2HCO;-(s) (2nd staga) 
Filter this off, wash the solid residue B 
Or three times wit a little coid water, an 
then transfer the solid to a dish and poan 
Finaliy sodium carbonate will be obtaine 
as a fine white powder, by heating the 
sodium hydrogencarbonate to constant mass. 
2NaHCO,(s) > 
Na;CO;(s) + H,O(I) 4 CO, (g) 
Carbon dioxide is evolved during the reaction. 


Properties and uses of washing soda 


Washing soda is sodium c: 
cent crystals, 


with a fine white powd 
Soda has given up to th 
Na,CO,.10H 


sodium carbonate 
decahydrate 


d efflores- ence. 
s an 


carbonate. |; is 
de the Crystals, 


arbonate decahydrate Na;CO,.I0H 


Efflorescence. On exposure to air the 
er which renders the 
€ atmosphere 9 molecules of w. 


can be made by heating the 
Powder and does not dissolve as r 


20, large translu- 


Crystals lose mass and become coated 
m opaque, Each molecule of washing 
ater of crystallization. 


2(s) —> Na;CO,.H;O(s) + 9H;0(g) 
Sodium carbonate 
monohydrate 


the giving up of water of crystallize 


ation to the amoy- 


hydrated sodinm 
eadily in water as 
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Solutions of sodium carbonate in water i 
c à are alkaline to litmus is i 
the feebly acid properties of carbonic acid. This acid is V Aire n duis is ducto 
other acid, and hence, sodium carbonate acts like sodium hydroxid ern vane, 
the former is a salt and the latter an alkaii. A eee 
Na,CO,(aq) -+ 2HCl(aq) — 2NaCl(aq) -+ H,O(1) + CO,(g) 
Sodium carbonate can be used quantitatively in v etric análvsis, as if i 
So dume quantitatively in volumetric analysis, as if it were 
Notice that sodium and potassium carbonates are both soluble in Water and 
ater'and 


are not decomposed at a red heat. 
Sodium carbonate is used for the softening of water for domestic purposes, and 


in the manufacture of glass, borax, caustic soda, and water-glass, It is a consu- 
tuent of many ‘dry soap’ powders. 


Calcium carbonate CaCO; 


‘This occurs as limestone, marble, chalk, and in many other forms, and, since 
it is insoluble, can easily be made in the laboratory by double decomposition 
(see page 181). It is seen as a white precipitate when carbon dioxide 1s bubbled 
into lime water. 
Ca(OH);(aq) + CO;(g) — CaCO,(s) + H;O(l) 
calcium 
carbonate 
(chalk) 

The chalk can be obtained by filtering off the precipitate, washing it a few 
times with hot water, and allowing it to dry. 

|t is attacked by dilute hydrochloric and nitric acids with the evolution of 
carbon dioxide, for example: 

CaCO,(s) + 2HCl(ag) — CaCl;(aq) + H20(l) + CO;(2) 


With dilute sulphuric acid, however, the action slows down and finally stops, 
particularly if the calcium carbonate is in lump form, for example, marble. The 
reason is that calcium sulphate, being only sparingly soluble, forms a protective 
layer on the outside preventing tbe sulphuric acid from acting upon the solid 


within. din me 

Although practically insoluble in pure water, calcium carbonate is dissolved 
by water which contains dissolvet’ carbon dioxide, because it forms soluble 
calcium hydrogencarbonate. 


CaCO,(s) + H2O(I) + COs(g) — Ca(HCO;);(aq) 
calcium 
hydrogencarbonate 


Zinc carbonate ZnCO; 

This is formed as a white precipitate when sodium hydr 
is added to a solution of zinc sulphate in water. 
ZnSO,(aq) + 2NaHCO (aq) — ZuCO;(5) + Na,S0,(aq) + H,0() + COs) 
e is used, basic carbonaie of zinc is formed.) 

if, washed with hot distilled water, and allowed 


ogencarbonate solution 


f sodium carbonat 

The white precipitate is filtered oi 
to dry. 

Zinc carbonate is attacked by dilute acids liberatitie carbon dioxide, for er- 


ample: 
" ZnCOx(s) + 2HClag) — ZoChyfaq) + HQ) + COs(g) 
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On heating a little zinc carbonate in a test-tube, carbon dioxide is given off and 
zinc oxide (yellow when hot, white when cold) remains in the test-tube. 


ZnCO;(s) — ZnO(s) + CO2(g) 


Lead(Il) carbonate PbCO, 


This is made in the laboratory, as a white precipitate, by adding sodium hydro- 
gencarbonate solution to a solution of lead(II) nitrate in water. 

Pb(NO);(a 2NaHCO,(aq) — PbCO;(s) + 2NaNO;(aq) 

(NO3)2(aq) + sag) 3(S) Oro.) 

Sodium carbonate precipitates basic lead carbonate. 4 

White lead, basic lead(1I) carbonate Pb(OH);.2PbCO,, is used extensively 
as a paint when mixed with oils. It is made by subjecting strips of lead to the 
action of acetic acid, water-vapour, carbon dioxide, and air. It is poisonous and 
blackens rapidly in industrial areas, where hydrogen sulphide occurs. 1 

N.B: Lead(II) carbonate is not readily acted upon by either uilute hydrochloric 
or sulphuric acids. A layer of insoluble chloride or sulphate formed round the 
carbonate protects it from further action. Dilute nitric acid attacks it to liberate 
carbon dioxide in accordance with the general action of acids on carbonates: 


CO;?-(s) + 2H*(aq) — H;0(I) + CO;(g) 


Copper(Il) carbonate CuCOs 


This is made by double decomposition and it is usually obtained as a basic salt, 
having the formula CuCO,.Cu(OH),. This is a bright green powder which 
liberates carbon dioxide on being heated, and black copper(II) oxide is left. 
CuCO;(s) — CuO(s) + CO,(g); Cu(OH);(s) —> CuO(s) + H;O(g) 
It dissolves in dilute acids with the liberation of carbon dioxide, for example: 
CuCO;(s) + H;SO; —- CuSO,(aq) + H,0() + CO;(g) 


Hydrogencarbonates 


Hydrogencarbonates may also be regarded as salts derived from carbonic acid 
H3CO;, formed by the partial replacement of the hydrogen by a metal or cationic 
radical. 


We are only concerned with the hydrogencarbonates of sodium and calcium, 
all the others being unstable or unimportant. 


Sodium hydrogencarbcnate (baking soda) NaHCO; 


Sodium hydrogencarbonate is manufactured by saturating a wet mush of Solvay 


sodium carbonate and water with carbon dioxide. The product is washed with 
cold water and dried. 


CO,*- (ag) + H,0() + CO;(g) — 2HCO;-(s) 


Laboratory preparation of sodium hydrogencarbonate 
enum hydrogencarbonate is made in the laboratory by bubbling carbon 
loxide for some time through a concentrated solution in water of either sodium 


EE 


Carbon and its Compounds 323. 


hydroxide or sodium carbonate (see Figure 146). In the latter case the reaction 
takes place much more quickly: 


CO;(g) + Na;COs(aq) + H,O(D — 2NaHCO,(s) 
sodium 
carbonate 


With sodium hydroxide 
2NaOH(€4) + CO.(g) — Na;CO;(ag) + H5O(l) 


hydroxide 
then Na;CO;(ag) + H;O(l) + CO;(g) — 2NaHCO,(s) 


In both cases the hydrogencarbonate is deposited as a white powder and this is 
filtered off, washed two or three times with a little cold distilled water, and allowed 


to dry. 
With dilute acids, the hydrogencarbonate liberates carbon dioxide: 


HCO;-(ag) + H*(aq) — H;O(l) + CO;(g) 


Experiment 707 
Action of heat on sodium hydrogencarbonate 


Place a small amount of sodium hydrogen- 
carbonate in a dry test-tube and heat gently 
with the lip of the tube projecting into a boiling- 
tube containing lime water (see Figure. 147).A 
gas is given off which turns. the lime water 
milky and is, therefore, carbon dioxide. Water 
is seen to condense on the cooler parts of the 


tube. 
2HCO;- (s) — CO;*- (s) + H20(g) + COs(g) 


sodium 
hydrogencarbonate 


Figure 147 


The white residue is sodium carbonate. This reaction distinguishes sodium 
hydrogencarbonate from sodium carbonate, which is unaffected by heat. 


Sodium hydrogencarbonate is used in the manufacture of baking powders. 
1 nder the action of heat it decomposes, as above, and gives off carbon dioxide 
which causes the cake to ‘rise’ and so be light. This is why it is commonly called 
‘baking soda’. Baking powders also contain rice powder as a diluent, and tartaric 
acid (or a similar compound) to react with the sodium carbonate, which would 
otherwise be left when the hydrogencarbonate decomposes. 


Calcium hydrogencarbonate 


See Hardness of Water, page 248. : r ^ 
Its method of preparation and its reactions are chemically similar to those of 


sodium hydrogencarbonate. 1 EN 
Calcium hydrogencarbonate cannot, however, be isolated as a solid, since it 
decomposes too easily, and all its reactions are carried out in solution, 
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Tetrachloromethane CCi, (carbon tetrachloride) 


4 de r ; un ux, 
This compound is made by chlorinating carbon disulphide, boiling ander refi 
with iodine as catalyst. 


CS4(I) + 3Cl;(g) —> CCly(g) + S;Cl;(g) 


The products can be separated by fractional distillation (boiling points, CCl 
77°C, S;Cl, 138°C at standard pressure). The tetrachloromethane can 
purified by shaking with dilute sodium hydroxide solution (to 
remove any chlorine) and then with water. This is done in a 
separating funnel (Figure 148). Tetrachloromethane is almost 
non-miscible with water and separates as the lower layer (density 
1.63 g cm7?) which is run off through the tap. The washing liquid 
(upper layer) is poured ott through the top of the funnel. 
Anhydrous calcium chloride (bean size) is then added to the 
tetrachloromethane and the mixture is left in a stoppered flask 
for at least 12 hours. This will dry the tetrachloromethane as 
the calcium chloride takes up the water present as the solid 
hydrate"CaCl,.6H,0. The liquid should then be decanted or 
filtered (through a dry filter paper) into a dry distillation flask 
and distilled (apparatus as page 11). If pure, the entire liquid 
should distil over at its boiling point, 77 °C at standard pressure, 


Properties and uses 


1. Tetrachloromethane is a good solvent for fats and greases 
and is used as a de-greasing and dry-cleaning agent. It has the 
advantage of being non-flammable. 

2. By heating with iron and water, tetrachloromethane is con- 
verted to trichloromethane. 

CCIC) + Fe(s) + H*(aq) — Fe?*(aq) + Ci-(aq) + CHCI,(1) 
Otherwise, it is chemically rather inert; unl 
chlorides it is unaffected by water. 


The tetrachloromethane molecule is shaped like the methane molecule 
(page 87), substituting four chlorine atoms for the four hydrogen atoms of 
methane. 


Figure 148 


like most non-metallic 


Questions 


!. (a) Give three contrasting properties of line forms of sulphur from finely powdered 
diamond and graphite. (b) Explain what is Sulphur. 

meant by a crystal lattice, Give diagrams (c) Weighed samples of two pure forms of 
of the crystal lattices of diamond and carbon were heated in oxygen until com- 
graphite, and state how these lattices account bustion was complete. The carbon dioxide 
for the differences in properties of the two formed was absorbed in weighed bulbs con” 
allotropes. (c) If a hydrocarbon contains — taining potassium hydroxide solution. 
80%, carbon and 20% hydrogen, what is its experimental results were 

empirical formula? If its relative molecular 


mass is 30, what is its molecular formula? formed. 
e ENa two tests which distinguish between Vanoi saple dessin £e ; E 
this hydrocarbon and the corresponding 47 
hydrocarbon with two fewer hydrogen atoms oaoa si : 

in its molecule. (A,E.B.) O09 I 


2. (a) Name two ery: 
(6) Deseribe exp 
could prev; 


stalline forms of carbon. 
eniments bv which you 
are. good samples of fwe crystal- 


an be 
(i) Give the equation for one reaction PE 
tween carbon dioxide and potassium hy dë 
ide. (i) Explain why potassium hydro j 


ODE 

(UR was used rather then lime-water 

the pu hydroxide solution). (iii) Show that 

Cons ts are in agreement with the Law of 
tant Composition. (C.) 


3 i 
din means of simple sketches, show the 
diamond. in crystalline structure between 
Propert and graphite. Give ome physical 
Scie ie of these -allotropes and 
Structures; in terms of their crystalline 
eMe es the: preparation of carbon di- 
iste from calcium carbonate. No diagram 
of pered, but you should say how a sample 
eaan, Bas could. be collected and give an 
Seal ion for the reaction. Give fwo large- 
le uses of carbon dioxide. (O. and C.) 


ba means of a Jàbelled diagram and an 
Ern show how a sample’ of carbon 
85b: le! canbe made and collected in the 
E ratory. Without giving any details of the 
eae used, describe briefly how you 
tld convert carbon dioxide -into pure 
carbon monoxide. 
x A “Journalist” i a''motoring magazine 
dos On a busy) roadway, the proportion 
of carbon monoxide has varied from 6 parts 
per million to 180 paris per million.” (@) At 
what time-of day would you expect the con- 
centration of carbon monoxide ta be high? 
(b) By what reaction is the carbon monoxide 
formed? (c) What is the effect. of. carbon 
monoxide on blood, and why does this. make 
the gas so;poisonous? (J.M.BJ 
5. Compare the reactions of carbon dioxide 
with carbon and with magnesium, mention- 
ing the conditions under which each re- 
action can be carried out. 

When carbon dioxide 1s bubbled into 
sodium hydroxide | solution, the gas is 
absorbed but the products depend on the 
relative quantities of the gas and the alkali. 
What substances arc formed when two 
solutions each containing 48.0 & sodium 
hydroxide absorb 26.4 g and 52.8 gof carbon 
dioxide respectively? Describe ome test by 
mears of which you could differentiate 
between the products. 

Explain why lime-water is aa effective 
reagent for the detection of small quantities 
of carbon dioxide, and give one reason why 
the proportion of carbon dioxide in the 
€arth’s atmosphere remains approximately 
constant. (O. and C.) 


6. How would: you show. that the gas ob- 
tained by heating oxalic (ethanedioic) acid 
with concentrated sulphuric acid contains 
both carbon dioxide and carbon mon- 
oxide? (J.M.B.) 

7. Carbon monoxide may be prepared by 
the action of sulphuric acid on either formic 
(methanoic) or oxalic (ethanedioic) acid. 
Choose-one cf these two methods, give a 
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diagram of a suitable apparatus for ii 
out the experiment, and write the eaten 
for the reaction. State: (a) what t oheens 
tration of sulphuric acid is used; (5) if it is 
necessary to warm the mixture; (c) the:name 
of the product or products of the reaction ` 
other than carbon monoxide; (d) how the 
main impurity in the carbon monoxide can be 
removed. E 
, indicate briefly- how (i) water gas and 
ii) Producer gas are manufactured; What 
are the constituents jof these two 
(A.E.B.) VUA 
8. A liquid organic compound of formula 
HCO; can be catalytically decomposed in 
two different ways, as shown in the tw 
following equations: si 

HCO;—* H20 + CO 

HCO, —- Ha, + CO; 
Describe simple! experiments you would 
carry out to test whether each reaction does 
produce the products indicated in thertwo 
equations: Describe one test for each of tlie 
four products. 

If 23 g of the original compound were 
decomposed in each of these ways, what 
would be the volume of gases produced at 
stp., in each case? (O. and C.) E 
9. (a) Give-an account of the chemistry of 
respiration in mammals. 
lain briefly why the proportion of 


(5) 
carbon. dioxide in the air remains approxi- 


mately constant. 
(c) Name four products that may be 


feme when A [D fuel of formula 
y urns in a limited supply of oxygen. 

(d) What method is normally sid Gn ds 
burners to ensure camplete combustion ? (C.) 


10. When limestone. (calcium carbonate) 
isstrongly heated, it decomposes into calcium 
oxide and carbon dioxide. The change is 
reversible. (a) Write the equation for the 
reaction. (b) Explain what would happen if 
some limestone Was strongly heated (i) in a 
closed vessel, (ii) in a current of air. (c) De- 
scribe the changes that occur when (i) water 
is slowly added to freshly made calcium 
oxide, (ii) a mixture of calcium oxide with 
excess coke is heated in an electric furnace. 
(d) State one commercial use for the prin- 
cipal products obtained in (c) (i) and (c) (ii). 

How do you account for the presence of 
calcium hydrogencarbonate in some natural 
waters ? Explain one reason why the presence 
of this substance may be disadvantageous 
and mention one reason why it may be 
beneficial. (A.E.B.) 
11. (a) ‘Calcite is pure calcium carbonate,’ 
Is this statement borne out by the following 
quas reie? 

A large crystal of calcite weighing 3.733 
was placed in 25.0 cm? of a 2.00M Fie 
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ee . |— s — 
—(———— RUN! 


5 .600 
Mass of MCO, 0.025 0.050 6100 0.150 0.200 0.300 0.400 0.500 0. 
(grammes), 
Volume of COz o 
corrected to 4.0 11.0 21.0 33.0 44.5 56.0 56.0 56.0 56. 


stp. (cm?) 


of hydrochloric acid and left there until 
action ceased. After washing and drying out, 
the crystal was found to weigh 1.253 g. 

What volume of carbon dioxide at s.t.p. 
was formed during the action? 

(6) Give the names and formulae of 
(i) two salts which contain water by crystal- 
lization, (ii) two salts, other than calcium car- 
bonate, which form anhydrous crystals, (iii) 
two alkalis which contain different cations. 

(c) What liquid would you use in each case 
to remove (i) Tusty stains from a laboratory 
Coat, (ii) sulphur from a crucible in which it 
had been melted? Explain briefly how the 
liquids selected perform their tasks. (C.) 


12. Name the raw materials required for 
the manufacture of sodium carbonate by 
the ammonia-soda Process, and outline the 
cheinical changes by which sodium carbon- 
ate is obtained from them, paying particular 
attention to those features which make the 
Process efficient. (Technical details and 
diagrams of the plant are not required.) 
How, and under what conditions, does 


Sodium carbonate :eact with (a) ammonium 


sulphate, (b) slaked lime? (J.M.B.) 


13. Azurite is a deep blue mineral which has 
n given the formula Cu(OH);.2CuCO,. 
You were presented with a sample of the 
mineral how would you collect experimental 
evidence that Supported as fully as possible 
this formula ? (N.L) 


14. What raw materials are required in the 
manufacture of sodium carbonate by the 
Solvay (ammonia-soda) process? Giving 
equations and reaction conditions, outline 

chemistry of the process, saying how 
waste is kept to a minimum. 

How may sodium carbonate be used to 
make a sample of (a) sodium hydrogen- 
carbonate (sodium bicarbonate), (6) glass? 
In (b) state one type of article for which this 
type of glass would be suitable, giving a 
reason. (J.M.B.) 


15. How would you prepare dry crystals of 
sodium carbonate starting from sodium 
hydroxide solution? How, and under what 


Time (minutes) — 0 2 4 


ict 
conditions, does sodium carbonate react 
i i ioxi hydrox 
with (a) carbon dioxide, (5) calcium hy 2 
ide, E nitric acid, and (d) lead(II) nitrate 
(J.M.B.) 


16. A pupil was given a bottle containing a 
carbonate which was known to have 
formula MCO,. He weighed out several 
samples of the carbonate and adden 
Ochloric acid solution to h. 
Milite aois liberated in, ea 
experiment was measured in a sui the 
apparatus and the results are given in 
table above. 
(a) Plot these points on a graph of volume of 
CO, (y axis) against mass of carbon a 
(b) Put on your graph the line that yo! 
would expect from these results. ys 
(c) Do you think that the pupil NL 
accurately recorded the mass of carl 
ate used? Explain your answer. the 
Determine the molar mass of 
carbonate, N pU. 
Before carrying out the investigatio! E 
the pupil added a little calcium carbon 
ate to each portion of hydrochloric ac 1 
solution. Why do you think he did. inde 
(f) Would the carbonate MCO; be solu T 
in water? Give a reason for yo 
answer. (S.) 


(4) 
(e) 


17. A piece of marble (calcium carbonate) 
was placed in a beaker containing an ex o 
of dilute hydrochloric acid and Sun 
a direct reading balance. The mass ol fi 
beaker and its contents was recorded eve 
2 minutes (as shown below). 


(a) Why was there a loss of mass? 
(6) Write an equation for the Teac. the 
(c) State three different ways in whic! id 
reaction could have been made more rap 
(d) Why did the mass remain cons! 
after 10 minutes? hof 
(©) Write the name and formula of eac! 
two ions remaining in the final solution- t 
(f) The solution was then evaporated a 
ess in the same beaker and the m y 
the beaker and remaining solid was 97.6: ip 
Next day, the mass was 98,63 g. Fxpl@ 


6 8 10 12 


Mass (g) 12644 12631 


126.19 


12609 12603 12600 12600 


what had occurred to cause this change and 


name the phenomenon. 

(g) Finally a little water was added to the 
contents of the beaker and the resulting 
solution was added to solutions of (i) lead(11) 
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nitrate, and (ii) copper(II) sulphate (cupric 
sulphate). 

Describe and expiain what would be 
observed in each case. (J.M.B.) 
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c. et a NN IER - 


Organic chemistry is the chemistry of the compounds of carbon; that d. 
organic compounds contain carbon with, also, one or more other SET i 
hydrogen, oxygen, chlorine, nitrogen, etc. Carbon shows exceptional behavi ant 
in a chemical sense, by forming chains of its atoms (sometimes of very E. s 
length, eg, about 2000 carbon atoms in polythene) and rings VR 
atoms. Sometimes, the chains and rings are included in the same mo of 
Consequently, carbon produces a very great number of compounds, x of 
them very complex, and it has become necessary to make a separate stu ds 5 
these compounds as organic chemistry. Nominally, every compound of e A 
is an organic compound. For historical and conventional reasons, however 
few of the simpler carbon compounds, such as carbon dioxide ES Pb S 
bonate, are usually studied with non-carbon compounds in inorganic chemi 


F in the 
Examples of chain and ring formation. by carbon atoms will be found in th 
present chapter. 


Some of the sim 
the first class of compounds we shall study. 


Hydrocarbons ; 
Hydrocarbons are compounds containing hydrogen and carbon and no os 
element. That is, a hydrocarbon has the molecular formula C,H,, x and MA 5 
whole numbers, For example, methane CH, ethene C,H., and benzene CsHe» 
are hydrocarbons, 


The hydrocarbons are themse! 
their structure, The main classes 


The Alkanes 


The members of this group of hydrocarbons (also called simply paraffins) are 
distinguished by possessing the general molecular fo 


(1 = 1) is methane CH,, and the second 
(n = 2) is ethane C,He. Both are gases at room temperature and pressure. The 
following table gives the molecular formula and name of the first few alkanes, 
plus an indication of their physical properties: 


———T ES 
— 


plest organic compounds are the hydrocarbons, and this i5 
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Molecular 
formula 


Methane 


Ethane 


Propane 


Pentane 


Hexane 


Heptane 


Cctane 


Nonane 


Decane 


Homologous series 
A series of compounds related to each other as the alkanes are (above) is called 
a homologous series. Such a series has tlie following characteristics. 

(1) All members conform to a general molecular formula, e.g., for alkanes, 


C.H, +2" 
(2) "Each member differs, in molecular formula, from the next by CH3, e.g., 


alkanes are CHa, C4Hs, C4Hs; and so on. 
(3) All members show similar chemical reactions, though varying in vigour. 
For example, all alkanes burn in air and give substitution reactions with chlorine 


(page 334). 

(4) The physical properties of members change gradually in the same direction 
along the series, e.g. in the alkanes, boiling points and freezing points rise 
(CH, - a gas; CsH,2- a liquid; CzoHa2- à solid, at ordinary temperature and 
pressure). Also, densities increase and solubility in water decreases as the num- 
ber of carbon atoms per molecule increases (see table). 

(5) General methods of preparation are known which can be applied to any 


member of the series. 
Otlier homologous series are alkene hydrocarbons CH 3m alcohols C Haay ,OH, 
and fatty acids CaHzn+ {CO,H. These series are considered later in this chapter. 


Structure of alkanes 
n atoms exercise a covalency of 4. The simplest alkane 


In the alkane, all carbo le 
has, therefore, the molecular formula CH4, and is methane. Fach covalent bond 
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represents a shared pair of electrons, one each from the carbon Hid "e 
hydrogen atom. [n more complex alkanes, carbon atoms form ri "s He) 
bining together by covalency. With chains of two carbon atoms (ethane a 
and three carbon atoms (propane C3Hg), the molecular structures are s 

below, together with methane 


H H H H H H 
ISI | 
Hoa She oe 
H H H H HOH 
methane ethane propane 


It must be remembered that methane is in fact tetraned; 
o the chains ~ which 


Consist of methane units joined together — cannot be in à 
true straight line, It is m 


formulae as if the molecules were flat; 


eee oe 
P a o a e mg 


Structures, 


In such » it will be seen that all the carbon atoms except the two at 
the ends of the chai: 


n use two units of valency to attach themselves to the garboa 
atoms on each side, so forming the carbon chain. Each carbon atom (except the 
end ones) then has two units of valency left to combine with iwo Hydrogen 
atoms.: That is, except for the.end carbon atoms, the relation of carbon i 
hydrogen is C,H2,; But each of the end carbon atoms uses only one valency uni 
in forming the chain and so can combine with an extra hydrogen atom, so p 
ducing the general molecular formula C,H,,, ,. Many alkanes have a branche 
carbon chain, such as the following; 


H HH H H'H H 


kd li 
H H 
H H 
h 


In this case, a hydrogen atom is lo; 
branching occurs, But it is restored at t 
molecular formula is unchanged, 


to complex hydrocarbons, with a total 
composition which depends on the ge. i 


ases in ordinary Conditions, fe., CH,-C,Hio- 
for use when camping. 
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Sg 


Isomerism 
eee D pm I 
ing the carbon chain as seen in the last seclion. x Ais D ord À 
kan s the occurance of to o mum Hus th cae 


isomers of molecular formule C4Hi0 


a H " H H HH 
| | | 
—C—o0—C—C— P (oS () 
H. DEM H H—C H 
EHHH i H 
LANE 
H 
or, CH4.CH;.CH;.CH; or, CH3.CH(CH;).6H; 
A 
B 


]some; A is butane (see table on page 329, but by the iti i i 

isomer B also has the same molecular fara, ze amen eee cr 
tinguish the two compounds in scme way. The convention in naming n 
isomers is to- write out the structural formula of the compound such. that the 
longest possible straight chain of carbons is arranged horizontally, In the case 


should therefore write 


of isomer R we 


a ine 3 
Tipo ne H silizea zi 
has | | lr Ae 
H—C——C——C—H rather than H EES aE 
kal d ' aaa 
H—C—H | H—C—H 
| D- | 
H H 


j 

ngest chain hydrocarbon: 
Fhain of carbon atoms is 
propane as the two struc- 


ompound by the name of the lo 
er B since the largest $ 
f propane. However tos rd 


We then name the c 
thus in the case of isom 
thrée, it is a derivative o! 
tures below indicate. 


HH H H H 
gei oret Tiria s 
H-Cc—C—C-H EG EE 
E o | 
Koen : for 
E 
isomer B propane 
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A The difference quite clearly is that isomer B has a —-CH;, group (dotted oe 
line) in place of one of the hydrogen atoms on the second carbon atom of 
Propane. The group —CH, is known asa methyl group, and the name of isom 


B would therefore be 2-methylpropane (indicating that it is an alkane with à 


methyl group on the second carbon atom of a propane structure). 
In a similar way the 


following hydrocarbons have the names indicated. 


Hydrocarbon Name 
H H D: EO: 
[E [m 
—Cc—c C—C—H 
5 | l 2,3-dimethylbutane 
H | H (an isomer of hexane) 
H—C—H H— NT H 
| 
u H 
H 
| 
H—C—H 
H | H 
H— n =c= d =H 2,2-dimethylpropane 
Wes pesi (an isomer of pentase) 
fi enl 
H-: Ç =H 
H 


The name of the groups —CH3, —C;H;, -—C,H;, etc., are simply Berne 
from the parent alkane, and they are called, respectively, methyl, cthyl, an 
propyl groups, and are known generally as alky/ groups. = : 

Although these isomers differ in physical properties, boiling pointameitmg 
point, and density particularly, their chemical reactions are very similar since 
they all belong to the alkane Series. 

It is possible to have isomerism in other organic compounds. Hence for the 
molecular formula C;H,O it is possible to write the following structures. 


Isomers of molecular formula C4H,O 


H H 
| 
nob on nto tn 
ki E 
or, CH; CH,.OH or, CH;.0.CH, 
ethanol; an alcohol. The Oxygen dim 
o ethyl ether. (methoxymeth- 
onm 18 part of a hydroxy] group, ane); the E p 
3 bridge between the two carbon 
atoms. There. is no hydroxyl 
group. 
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/somers of molecular formula C:H.Cl: 


H H H H 
cbai hia 
H H i b 
or, CH;CL.CH;CI or, CH4.CHCI; 
One chlorine atom is combined Both chlorine atoms are com- 
with each carbon atom. bined with the same carbon 
atom. 


These compounds differ in boiling point and freezing point. The compound 
on the left is 1,2-dichloroethane, and that on the right is 1,1-dichlorocthane. 


Laboratory preparation of methane 
Since the method of preparing all alkanes is very similar, we shall only describe 


that for methane here. 

Anhydrous sodium ethanoate (sodium acetate) is ground with an equal mass of 
soda-lime (a non-deliquescent form of sodium hydroxide). The mixture is heated 
in a hard glass flask (Figure 149). Methane is evolved and collected over water. 


sodium ethanoate 
and soda-lime 


Figure 149 


When heating is finished, the delivery tube must be removed from the water at 
once; otherwise, water may be forced back into the hot flask and cause an 
explosion. Soda-lime acts as a source of sodium hydroxide. 


CH,COONa(s) + NaOH(s) — Na;COs(s) + CH4(8) 


Properties and reactions of methane 


Physical properties ‘ ; $ 
Methane is a colourless gas with no smell. It is almost insoluble in water and 
much Jess dense than air in the same conditions (vapour density of methane is 8, 


of air is 14.4). 


Chemical reactions : fotu E 
1) Combustion. Methane burns (or explodes) in air on the application of a 
n for electric spark). It produces carbon dioxide and steam. 


CH,(g) -- 20g) > COx) -F2H,0(g; AH = —890 kj 


panies petroleum deposits. 


ås monochloromethane CH 


EC 
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T i estic 
This is an exothermic reaction, utilized as a means of cua E 
heating when methane is burnt as a constituent of dida c n 2 Sui E 
(liquid) alkanes are used as petrol or fuel oil in exothermic gpa ustioi d E 
For example, pentane, a constituent of petrol, burns in the following 


CsH;2(g) + 80;(g) > 5CO;(g) + 6H,O(g); AH = —3509 kJ 


; ; accom- 
Methane is the important constituent of natural gas which ‘usually acco. 


Natural gas is non-poisonous and has-no sme d 
Q) With chlorine. Methane reacts (slowly at ordinary temperature) d 
chlorine, the reaction being catalysed by light (photocatalysis). The first pro am 
aCl (or methyl chloride, the group CH, — being kno 
as. methyl), i 


CH.(g) + Cl(g) > CH sCK(g) + HCKg) 
In a similar way, Produce; with “increasing ainoa 
dichloromethane CHCl,, and tetrachioromethane C 2 
because chlorine Successively ppl 
tice. that the hydrogen is expelled 
as free hydrogen, 

are the only ones given by methane or other ikana 
ie., without the use of high temperature and prs 
Other exceptional means, That is, the alkanes are a rather inert group; in fact, 
of paraffin was coined 


s is, 
d from the Latin parum, little, and affinis 
affinity, 
Petroleum 
A to 
American Petroleum consists mainly of alkanes from C5H,;>, ‘pentane, 
Cy3Hge, usually associated with sal 


T 
t water-and the gaseous paraffins. Afte 


are, eee 
removal of impuri ur compounds), the petroleum is distille 


T ties (mainly sulph 
into four fractions 


Up to 200 °C Naphtha C5H;;-C;;H5s 
200-260 *C Kerosene C,2H;c-C,5H5; 
260-300 *C Gas-oil C,5H55-C,-H.& 
Above 300 C : .. Fuel oil 


Redistillation of naphtha yields petrol, b.p..50-60 °C, mainly C.H; to CoH20" 
Other products of redistillation of the other fractions are paraffin, dugricalg 
oil, petroleum jelly, and Paraffin wax. Much of the gas-oil fraction is cracked 
yield more petrol, ie., the complex mol: 
units. At about 12 


D atm pressure and 520 "C; gas-oil yields Petrol hydrocarbon? 
and valuabie alkene by-products, €-g., ethene C,H,. and propene CHo. (Fo 
fractional distillation, see page 25%) 


CisH32(2) > C4H,s(g) + 2C,H 


Petroleum refining occurs usually on an esiu 


bulky imported oil and to secure large fiat 
because of fire risks, 


a(2) +O, Hee) 1 
ary, to avoid land transport A 
areas for its Storage, segregate 
The Alkenes 

The alkenes are members of a homologous series of 


Ho, That is, each member of the Series has two fewer hydrogen atoms P^ 


la — 
general molecular formu 
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molecule than the correspondin ig» 

1 the g-alkane, e.g:, alkane-C5Hg; alkene 'C3Hg. The 
on for this will be mentioned later. The most important. alkene .is:ethene 
(ethylene) C;H,, which is a gas at room temperature and pressure. For a dis- 
cussion of the structure of ethene, see page 90. à ole 


Laboratory preparation of ethene (ethylene) 


: Ebene les d Prepared by the dehydration of ethanol (ethyl alcohol) by hot, 
dling tind aes uric acid, To ethanol (50 cm), slowly with shaking and 
SpA T r the tap, is added concentrated sulphuric acid (100 cm?). The 

pparatus is set up as-in Figure 150, and the mixture is heated with care to 


concentrated 180 °C 
sulphuric acid 
and ethanol 


Figure 150 > 15 (100q8v) 


, about 180 °C. Ethene is evolved and collected over waten Tho, wash-bottle of 
alkali solution serves to remove sulphur dioxide, a by-product,produeed in 
small amount as the alcohol reduces the sulphuric acid slightlyeu (s) 
The alcohol and acid first produce ethyl hydrogen sulphate: moo 
C,H.OH(l) 4- H2SO,(aq) > C;H5HSO. (ag): HS0(D:: 
When heated, ethyl hydrogen sulphate releases etheneczsvs ei nolas ofl 
C,Hs.HSO;(aq) — HSO) --CUHi( ^ n a 

These two reactions are equivalent to the dehydration of alcohol by the à 
C,H40H — H;0 — C-H; 


When the reaction is complete, the junction between, the flask) 
bottle in Figure 150 should be disconnected Quum the, pos: 


soda ‘sucking back” into the hot concentrated su 
| 


1358 


and the; wash 
lity of, caustic 


Industrial production of ethene 9 ; 
In industry, ethene is produced by cracking thé gas-oil fraction from distillation 
of petroleum. At 12 atm pressure and 520°C, ‘alkanes in the petrol range 
(C5H,-CyHap) are produced, together, ; ith, ethena andj possibly, other 


alkenes, For example, aM è vlhi 2 
G5 He (8) = CaHye(g)23G2Halg)! E 


Dr y 
q 


goi 
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Properties and reactions of ethene 
Physical properties 
Ethene is gaseous at roo 


soluble in water and sligh 
density = 14.4). 


m temperature and pressure, colourless, almost in- 
tly less dense (vapour density = 14) than air (vapour 


Chemical reactions 


plodes) in air if a light (or electric spark) 
combustion are carbon djoxide and stear, 
but the flame tends to be smoky from unburnt carbon because of its high propor- 
tion (about 86%) in ethene. i 


C:H«(9) + 30,(g) => 2CO,(g) + 2H20(g) 


(2) Addition reactions. Ethene gives a number of addition reactions in which 
two hydrogen atoms (or their equivalent) are taken into combination per mole- 
cule of ethene to form a single product. Ethene is, therefore, said to be un- 
Saturated. Structurally, this means that it contains a double bond between 
carbon atoms, H;C—CH,. This will be further considered later (page 337). 

(a) With chlorine or bromine. With chlorine at ordinary temperature, 
ethene combines rapidly to give an oily liquid, 1,2-dichloroethane. 


H;C—CH,(p) + Cl;(g) —> CH;CLCH;CKl) 


The similar reaction with bromine vapour rapidly destroys the reddish-brown 
colour of the vapour. This acts as a distinguishing test between ethene and 
gascous alkanes, e.g., methane or ethane, which do not give this rapid colour 
change, 

HAC=CH,(g) + Br,(g) — CH;Br.CH,Br(1) 
(b) With hydrogen iodide. Ethene combines rapidly with hydrogen iodide 
vapour) at ordinary temperature to produce iodoethane. 
H,C=CH,(g) + HI(g) — CH;.CH;I() (orC;H;T) 
The group C,H;— is called the ethyl group. The gases HBr and HC] combine 
imilarly but more slowly. ; é 
(c) With concentrated sulphuric acid. Ethene is absorbed rapidly by this acid 
at room temperature to form ethyl hydrogen sulphate. 
H;C--CH;(g) + HSO,(aq) > CH;.CH,HSO,(aq) (or C;H,.HSO,) 
The action is reversed at about 180 ^C, liberating ethene. 
(d) With hydrogen. Ethene combines with hydrogen 


over finely divided nickel (catalyst) at about 200 °C. The 
ethane. 


3f the two are passed 
Product is the alkane, 


H,C=CH,(g) + H;(g) > CH3-CH,(g) (or CH, 
This (Sabatier's) reaction is important as representing the essential change in 
the conversion of oils into margarine. An oil pos: a long carbon chain 
(15-17 atoms) in which there is one ethylenic double bo —CH—CH.— 
Pressure is used (5 atm) and a somewhat lower temperature (180 °C) an, d the 
oil is hydrogenated in the presence of nickel. This Saturates the double bond, so 
converting the oil into a fat, which is then sold as margarine, > 


—CH—CH— + Hz — —CH;—CH, 
: "m Ethene reacts i ; 
€) With potassium permanganate. E Tapidly if shay : 
faasi permanganate solution at ordinary temperature, f acidic, the ies 
tion is decolorized, being reduced to a manganese salt; if. alksline, it pu, 0 Solu- 


green, 


ZUR WT TN Rn RR 
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being reduced to a manganate. In both cases i 
; ; the ethene 
1;2-diol (ethylene glycol) by water and oxygen from the Ec LE FOIS 


H,C—CH, + H20 + (O) > C;H,(OH), 


This reaction distinguishes ethene from all 

c e t gaseous alkanes, e.g., 
ethane, which have no reaction with potassium permanganate. ise ee 
is the material used in anti-freeze solutions for motor-car radiators and f B 
production of Terylene (page 348). apporti 


` Polyethene (Polythene) 


If ethene, with a trace of oxygen present, is pressurized to 
A ATR ab 5 
pheres and heated to start the action, it is polymerized to form TN OREL 
polyethene produced by this method is a low-density material which softens at ' 
around 120 c. If ethene is passed under pressure into an inert solvent con- 
aay ch UR (a (ees pane named after the inventor of the 
rocess) a hi orm t i i 
130 °C is formed. Mor a a aE ED Atire Co 
Polymerization is the combination of two or more mol 
compound to form one complex molecule with no gain or e The 
original material is called the monomer. Sei 
nA— A, 
The product, An is called a polymer of the original compound, A. In the case of 
ethene the polymerization is quite exothermic and, once the reaction has started. 
cooling is required. — > 
Polyethene is very resistant to the common types of chemical action and can 
be moulded (while hot) into a great variety of domestic and scientific articles - 
buckets, bowls, bags, flexible containers, fuunels, wash-bottles. The polymeriza- 


tion can be stated as: 
3n(CH;—CH;) > (—CH,—CH 4—CH,—CH;—CH;—CH;—), 
where n is about 300. From this, polyethene resembles a highly complex alkane 


and shares the chemical inertness of this group. 
Polyethene is an addition polymer. There is only one monomer molecule, and 


only one product. 


Unsaturation in ethene 
Ethene is said to be unsaturated because it contains a double bond in its struc- 
ture which means that one molecule of it can combine with two hydrcgen atoms 
(or their equivalent) in addition reactions. In general, 
H,C=CH, + A.B — AH,C—CH,B 
valent atoms or groups. Several examples of these re- 


where A and B are uni i £ 

actions were given in recent sections of this chapter. The C to C double bond 

which represents this unsaturation indicates that, between the carbon atomis 

concerned, two pairs electrons are shared in covalency. 
H H 


A corres] 
| 
H 


| 
[e 
| 
H 
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When the addition reaction has taken pracee-g:,:with Cl;, only; two electrons 
are shared between the carbon atoms; only single covalent bonds are present in 
the molecule, the compound is said to be saturated and is an alkane derivative. 


It gives no addition reactions but reacts by substitution. The addition of chlorine 
to ethene is shown by the following equation. 


gn HH 
i C + cot bg 
E 

H H hd 


The Alkynes 


Ethyne (acetylerie) is really the first member of a homologous series of hydro- 

carbons, called the alkynes. The general molecular formula of the series is 
C, H4... For ethyne itself, n = 2, and the molecular formula is C;H;. So far, 

» ethyne is the only member of the series which has acquired general importance. 
Alkynes are characterized by possessing a carbon-to-carbon triple bond at one 
point in the carbon chain, The triple bond involves the loss of four hydrogen 
atoms per molecule in an alk: 


yne hydrocarbon when compared with the corres- 
. ponding alkane, 


` H H 
Ee 
ipee 


ethyne 


The triple bond involves the sharing of three pairs of electrons in covalency 
between the two carbon atoms, 


ethane 


Preparation of ethyne 


For apparatus, see Figure 151. Cold Water is dripped on-to calcium carbide. 


‘Coppertll) sulphate. 
in dilute sulphuric 
aad 


Figure 151 
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Much: heat: is-evolved and sand ‘protects the flask from breakage. The chief 
impurity, phosphine PH;, is absorbed by the acidified copper(II) sulphate 
solution. Ethyne is collected over water. 


CaC;(s) + 2H;O(l) — Ca(OH);(aq) + C4H;(g) 


Properties of ethyne 

Physical 

In ordinary conditions, ethyne is a colourless gas, almost insoluble in water, and 
having a sweet smell when pure. It is slightly less dense than air (vapour density 
is 13; vapour density of air is 14.4). Ethyne is strongly endothermic. 


2C(s) + H2(g) —> C;H;(g, AH = +227 kJ 


Like endothermic: compounds in. general; it is rather unstable:and°liable to 
explode if stored under compression alone. For industrial purposes, it is stored 
in steel, cylinders in solution in acetone at about 12 atm pressure: 


Chemical reactions 

Having a carbon-to-carbon triple bond in its structure, ethyne is an un- 

saturated compound. It gives a number.cf addition reactions, combining with 

four hydrogen atoms per molecule (or their equivalent) as a maximum, then 

producing the saturated alkane, ethane, or one of its derivatives. These reactions 
, are of the type: 


CH CHA; t 

{\| + 2AB— | where A and B are univalent 
CH CHB, 

Notice that the two A groups usually combine with the same carbon atom, as 

do the two B groups: Compounds ofthe type CHAB.CHAB are rarely produced. 

1 (a). With. bromine. At. ordinary -temperáture, ethyne combines rapidly with 

bromine, forming retrabromoethane. j 


CH CHBr; 
Tl (e) + 2Br2(!) — | (0) 
f CH CHBr: 
Chlorine gives a corresponding reaction provided it is diluted with an inert gas, 
but if pure ethyne and chlorine are.mixed; a violent explosion occurs, with 
formation of carbon and hydrogen chioride, 


C,H,(g) + Cla(g) — 2C(s) + 2HCK(g) 


(b) With hydrogen. If passed with twice, its own volume of hydrogen over 
nickel (catalyst) at about 200 °C, ethyne forms ethane. 


€,H;(g) + 2H5(g) — C2He(8) 


(e) With halogen acids: (as gases), Ethyne combines readily with hydrogen 
iodide at.room temperature to form t, 1-diiodoethane: 


CH CHI, 
Hd) + 2HI@)—> |) 
CH CH; 
A corresponding reaction 4s given by hydrogen: bromide at 100°C, but the 
eacti i en chloride is very slows " 
SIGLAS S Elhyae reacis additively with water if passed into.dilute 
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sulphuric acid at about 96 °C with ;mercury(i7) sulphate present as & catalyst. 
The product is ethanal (acetaldehyde) 


C;H;(9) + H,0() — CH,.CHO() 


This is the first stage of the manufacture of ethanoic acid (acetic acid) from 
ethyne (see page 345), : 


(e) With acidified potassium -permanganate solution. At room temperature, 


with shaking, ethyne quickly decolorizes this solution (ie., reduces it) with 
formation of oxalic acid (ethanedioic acid). 


8Mn0,- (ag) + 5C,H.(g) + 24H*(aq) — 
3PC,0,(a3) + 8Mn?*(ag) + 12H,0() 


same colour changes (see page 336). 


Metallic derivatives of ethyne 


Ethyne produces several metallic derivatives, co acetylide and silver 
acetylide being the most important, POSEY) eet 


Copper(I) acetylide. If ethyne is passed at Toom temperature into a solution 


of copper(I) chloride in Ammonia, a reddish-brown precipit te of I 
acetylide is at once formed. ALPE Pe 


C;H.() + 2CuCl(ag) + NH(aq) —>Cu,C,(s) + 2NH,Cl(aq) 
is produced, turning rapidly grey. 
C;Hi(g) + Ag;O(n 


Tf allowed to dry and heated, both a, 
more violently. Both give 


iq— Ag.C,(s) + H;0Q) 


cetylides are explosive, the silver salt much 
off ethyne if warmed with dilute.acid, 


—* Ag3SO,(s) T C;H;() 


The two reactions above distingui: i 
mal de a nguish ethyne from ethene, which forms no 


Polymerization, Ethyne pot izes i i ; 
passed through a tube at i i. no Pere shone 


3C;H;(g) — C.He(g) 
Combustion. Ethyne burns in air if igni ic spark 
1 ignited by a flame or electric and 
mixtures of the two can explode very violently. The flame is usually : sooty; 
ethyne contains over 90% of carbon and much of it remains unburnt unless 
‘Special means are used to provide a good air supply. 
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Manufacturing uses of ethyne 


Ethyne has recently become very important as a source of organic chemicals on 
the large scale, though some of the chemicals made from it are very complex. 
The manufacture of ethanal and hence ethanoic acid from ethyne is given on 
page 345. Ethanal is also dimerized to ethyl ethanoate using aluminium ethoxide 
as catalyst at 0 °C. 


2CH$.CHO(!) — CH;.COOC;H,() 


Ethyne can also be converted to ethanoic anhydride, which, together with 
ethanoic acid (also an ethyne product), converts cellulose to cellulose ethanoate 
which is used as celanese rayon and as cellophane. Ethyne is also the starting 
material for making polyvinyl chloride, which is used in electrical insulation and 
waterproofing, and polyvinyl ethanoate, which is used in sheets as the middle 
layer of Triplex safety glass. The uses of the oxyacetylene flame have been 
mentioned above. 

Ethyne is important as a source of polyvinyl chloride (PVC) plastic. Hydrogen 
chloride reacts additively: with ethyne to give vinyl chloride (chloroethene). 


HC=CH(g) + HCl(g) — H;C—CHCI(g) 
(the group H,C=CH— is called vinyl) 


Vinyl'chloride can be polymerized (in aqueous emulsion and initiated by per- 
oxides) to PVC, which consists of long molecular chains of the type: 


-.. —CH,—CHCI—CH;—CHCI—CH;—CHCI—CH;—CHCI—CH;— 
... —CHCI—CH;-CHCI—CH;—CHCI—CH;—CHCI— . .. 


(Compare the: polymerization of ethene to polyethene, page 337.) PVC is a 
thermoplastic much used in electrical insulation and waterproofing. Notice that 
the double bonds (unsaturation) are lost in polymerization and PVC is a satur- 
ated compound. 


Cyclic hydrocarbons 


In addition to producing open chains of atoms, as in the alkanes, carbon can 
produce closed rings of atoms. Compounds possessing such carbon rings. are 
said to be cyclic compounds. The commonest rings are those composed of five 
or six carbon atoms. This is so because the four valencies of the carbon atom are 
directional and distributed symmetrically in three-dimensicnal space (Figure 
152). This gives a natural angle of about 109° between any pair of valency 


about 109° 


Figure 152 


directions. The angles in a regular five-membered ring are 108° and in a reguiar 
six-membered ring are 120°, That is, the natural angle between the caroon 
valency directious needs very little strain to form 5- or 6-membered rings, 
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The most important is the 6-membered ring of benzene CoH and its ae 
tives. This is usually represented with aíternate single and doubte em 
sarbon valency bonds (Kekulé’s formula), though this representarion,is ; = jj 
to be unsatisfactory in some respects, ande circle is Jncreasingly, used, s 
usual to omit the symbol for the carbon atoms in. thc ring, and for the carbon 


H 
C LU 
uc Sen Airs [6 ^n 
jl | er { | i ot. li ! 
i / 
HC foe es KY 
H 


atoms joined directly to'themi; Derivatives of benzene. are: very important 
chemicals, e.g., aniline (phenylamine) CeHsNH,, and phenol (benzenol) C&;H350H, 
both of which can be obtained from coal-tar-as source: More complex benzene 
‘derivatives include the M. und B. dr i 


ES. aspirin; and a wide range of dyestuffs. 
Cyclic corapounds may also contain. straight carbon chains, too, which are 


known as side-chains in this case. An example is the foils E. 


€i — cim — cr CH NU 


It is obvious that suci; combinations may become. very complex. This is why 
carbon appcars to be the only element which can supply. the. very, varied 
and Son»e& compounds needed by living Organisms ty carry on their vitar 
processes. 


The Alcohols 


The alcohols form. a homologous. series 
C Has; 10H (or C, H;, 420). 
because it shows the presence 


of general molecular formula 
The first of these formulae is usually preferred 


cau of the hydroxyl group, Ol. which is the charac- 
teristic group of the alcohols, The first two members of the series are methanol 


CH;0H, also known as wood spirit because of its carly production by distillation 
of wood, and ethanol C ,M,OH, often simply known as a/cohol. The two are also 
known (respectively) as methyl alcohol and ethyl alcohol. 


Manufacture of ethanol 


(1). By fermentation. The Source of the. alcohol is some form of starch; in 
Western Europe, potatoes are commonly used. They are pressure-cooked to 
release the starch granules and then treated with malt (partially sprouted 
barley) foc an hour at 60 °C. Malt supplies an enzyme, i.e., an Organi 


à tarch is hydrolysed to a sugar. 
The empirical formula of Starch is CoH 60s. 


2CcH,005(aq) + H20(1) —> €12H220, ,(aq) (maltose) 
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At room temperature, yeast is added. One of its enzymes, maltase, catalyses the“ 


hydrolysis of maltose to glucose. 


C,3H220);(aq) + H,0(1) > 2C5H,20.(aq) 


Another enzyme of yeast, zymase, catalyses the decomposition of glucose to 
ethanol and carbon dioxide. 
CoHi20,(aq) — 2C; H.OH(ag) + 2COx;(g) 

The ‘wash’, containing less than 11% of ethanol, is converted by distillation in 
a very efficient still to aliquid containing about 95%, of ethanol and this is the 
purest form (surgical spirit) in which the alcohol is usually sold. The material 
known as methylated spirit contains about 85% of ethanol (with water) and has 
pyridine and colouring matter added to discourage its being drunk. 

Fermentation of starch (or the sugar of grapes) produces many alcoholic 
beverages, e.g., varieties of beer and wines with 8-20% of alcoho'; fermented 
and distilled products are known as spirits - whisky, gin, brandy, rum - and 
contain about 30% of alcohol. 

The effect of alcohol on human capabilities is, of course, attracting much 
contemporary attention, especially in its relation to motoring. Alcohol tends to 
impair skill and cloud judgement, though the extent of these effects depends on 
the individual and his alcoholic tolerance. Quantities of alcohol icad to lack of 
muscular control, e.g., the drunken stagger, and, ultimately, to coma, the state 
of dead-drunk. A sufficiently large alcoholic consumption taken over a long 
period causes liver deterioration and accelerates death. Methanol is more poison- 
ous still: even moderate amounts may affect the optic nerve and produce blind- 
ness for several days, while greater amounts may produce permanent blindness 
or prove fatal: : 5 

The breaking dows cf z complex material such as starch into much simpler 
substances, e.g., by fermentation into alcohol and carbou dioxide, is known as 
degradation and is a common Way of utilizing natural products. The distillation 
of coal in air-free retorts to yield coal-gas, tar, coke, and ammonia liquor is 
another example of degradation. y 

(2) Manufacture of: alcohol from petroleum products. The cracking of petroleum 
oils to produce ethene was described on page 335. If ethene is absorbed at 
80*C under slight" pressure- in concentrated sulphuric acid, ethyl hydrogen- 
sulphate is formed. If this product is diluted with water and distilled, ethanol 


is obtained. 


CzH,(g) + H2SO.(aq) > C;H;.HSO,(aq) 
C,H.:HSO, (a) 4- H,O() —> C; HsOH() + H2SO«(@9) 

ic acid (catalyst) 
I cess, ethene and steam are passed over phosphoric acid 
at 500 "C and 60 x pressure. The greater part of the world's industrial ethanol 
is now produced by these two processes. The alcohol is used as à solvent in 
‘stains and polishes and.in the manufacture of essences, perfumes, and drugs. 
Its use in beverages and methylated spirit was mentioned above. 


Properties of alcohols 


Physical dee uem 

The simpler alcohols, e.g:, methan- and ethanol, are liquids I acteristi s 

verature and pressure, volatile, ‘colourless, and airs are known with 

mell: They mix with water in all proportions. Some alcohols are wax in 
-arbon chain of about 20 atoms. These are solids resembling P 

appearance. 
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Chemical reactions 


(1) Reactions of the hydroxyl group. All alcohois contain the hydroxyl group, 
OH, and show corresponding reactions. 

(a) With sodium. If a small piece of sodium is added to 1-2 cm? of ethanol 
at room temperature, effervescence will occur with liberation or hydrogen (ex- 
plosion on the application of a flame). Sodium ethoxide will eventually remain as 
a white, deliquescent solid. Methanol behaves similarly. 


2C;H4,OH(I) + 2Na(s) > H;(g) + 2C;H;,ONa(s) (sodium ethoxide) 
2CH;OH(I) + 2Ne(s) > H;(g) + 2CH. 3ONa(s) (sodium methoxide) 
(b) With a chloride of phosphorus. If a little phosphorus(V) chloride is 
added to 1-2 cm? of ethanol at room temperature, a vigorous reaction occurs 
with the liberation of ‘steamy’ fumes of hydrogen chloride. The organic product 
is: chloroethane, which €scapes as vapour. This is the Tecognized test for the 


hydroxy! group, OH, in a straight-chain organic compound.: Its effect is to 
replace the OH group by Cl. 


C,H;0H() + PCI > C;H;CI(g) + POCH() + HCl(g) 


Methanol CH,OH gives a 
which is also a vapour, 


Phosphorus(III) chloride gives a similar reaction, 


similar reaction to produce chloromethane CH,Cl, 


but usually less vigorously. 
3C;HSOH() + 2PCI,() — 3C; H;CI() + P40,() + 3HCI(g) 


All members of the alcohol homologous series give the reactions (a) and (5) 
above, though with d i 


ecreasing vigour as the number of carbon atoms increases. 

(2) Reactioi, with sulphuric acid. Ethanol reacts with sulphuric acid in two 
distinct ways. If the acid is in considerable excess and the temperature is about 
180 °C, the product is the gaseous alkene ethene (page 335), 


C,H;OH() + HSO,(aq) > C,Hs.HSO,(aq) + H,0() 
C,H;.HSO,(aq) > C;H.(g) + H,SO,(aq) 

With a smaller proportion of the concentrated acid and a lower temperature 
(145 °C), the chief product is ether (diethyl ether, ethoxyethane), This is a very 
Volatile, sweet-smelling liquid, formerly much used as an anaesthetic, 

C;H,OH() + H,50,(aq) > C;H;-HSO,(ag) + H,0() 
Then, with excess alcohol available, ^ 

C;H,.HSO,(aq) + HOC,H; (1) i C,Hs.0.C,H,(g) ar H,S0,(aq) 

These are both dehydrating act 


i ions of sulphuric acid. The severer conditions 
(excess of the acid and a higher temperature) extracted H50 from one molecule 
of the alcohol. 


C,H;0H — H,O — CH, 


Milder conditions (relatively less acid and a lower temperature extract HO 
between two molecules of the alcohol. ) E 


2C,H;0H — H,0 — C,H;.0.C,H, 


(3) Oxidation. Ethanol can be oxidized in two 


CH;.CH,0H(aq) —> CH;.CHO(g) + 2H*(ag) + 2¢- 
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Ethanal can be further oxidized by more heated potassium dichromate in 
dilute sulphuric acid; product is ethanoic acid (acetic acid), the acid of vinegar. 
CH;.CHO(g) + H;O(1) — CH;.COOH(aq) + 2H*(aq) + 2e- 

No further oxidation is possible except by combustion of ethanoic acid vapour to 
carbon dioxide and water. Because of its oxidation product (acetic acid), 

ethanal is also known as acetaldehyde. 

Both these stages of oxidation can also be brought about by passing the 
alcohol or aldehyde, as vapour, with air over a heated catalyst. For the first 
stage, a copper coil is a suitable catalyst. 

CH3.CH,0H(g) + 30:(g) — CH;.CHO(g) + H;O(g) 
For the second stage, manganese(1!) ethanoate is catalytic. 
CH,.CHO(g) + 10;(g) — CH,.COOH(I) 
(4) Ester formation. See Experiment 108. 


The Carboxylic Acids 


Ethanoic acid is the second member of the homologous series of furry acids, so 
called because some members of the series. v.g.. stearic acid C,4H34.COOH, 
can be prepared from fats which are their esters. The general molecular formula 
of the acids is C,H;,. ,.COOH, or C,H;,O;. The first formula is usually pre- 
ferred because it expresses the presence of the carboxy? group, COOH, which is 
the characteristic group of the series. The first two members of the series are 
methanoic acid (commonly known as forme ucid) H.COOH or CH;0;. and 
ethanoic acid (commonly known as acetic acid) CHCOOH er C: H5,0,. Notice 
that, as in all homologous series, successive members have molecular formulae 
which differ by CH;. 


Laboratory preparation of ethanoic acid (acetic acid) 
Ethanoic acid is the final organic oxidation product of ethanol, The oxidation 
occurs in two stages — the first to ethanal. the second to eraiioie avid. Both 
stages can be carried out in the laboratory by heating with chromit acid (Ae, 
potassium dichromate in dilute sulphuric acid). 
CH4.CH;OH(aq) — CH;.CHO(àq) 4- 211^ (aq). > 

CH ,.CHO(ag) + H;O(l) — CH, COOH (aq) + 20U Qi + 
In practice, this method gives a dilute sclution of the acid from which a pure 
product is not casily obtained. An easier preparation is the distillation of 
anhydrous sodium ethanoate with concentrated sulphuric acid. Hy drochlorie acid 
is not suitable because it is volatile and would distil with the ethaneie acid. 

CH,.COONa(s) + H2SO,(aq) > NaHSO,(aq) + CH .COOtI(g) 

The apparatus must be all-glass because hot ethanoic acid vapour attacks cork 
or rubber stoppers. A retort is suitable (see nitric acid, page 436) ora modern 
glass-jointed distillition apparatus. Ethanoic acid distils as a colourless liquid, 


Large-scale production of ethanoic acid (acetic acid) 


Pure ethanoic acid is now made on the large scale from erhyne C,H), in two 
stages. In the first stage, ethyne is passed into dilute sulphuric acid at about 
96 °C, with mercury(/T) sulphate present as catalyst. 

Cats) + HOM —> CH,.CHO(g) 


eihanal 
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The ethanal vapour produced is then passed over a heated catalyst, man- 
ganese(II) ethanoate, with air as oxidizing agent. 


CH;.CHO(g) + 10;(g) > CH;.COOH(g) 
Ethanoic acid is also manufactured in the form of v. 
about 4% of the acid. A dilute aqueous solution of etha: 


quality, is run slowly over coke in a well-aerated vat. The coke is smeared with 
a white solid material containing the bac 


terium, Mycoderma aceti. This acts as a 
catalyst to oxidation of ethanol by oxy; 


gen of the air. The liquid may have to 
pass through the vat several times to secure fuli oxidation. 


CH3.CH;0H(aq) + O;(g) —> CH,.COOH(aq) + H01) 


inegar, which contains 
nol, ¢.g., a wine of poor 


Properties and reactions of ethanoic acid 
Physical properties 


Ethancic acid is usually a colourless liquid with a strong, 
It mixes with water in all proportions and a dilute solutio 
taste of an acid. The melting point of the acid (17 ^C) is near room tempera- 


ture. In winter in cold countries the pure acid may freeze to crystals resembling 
ice: hence the name glacial ethanoic acid which is usually used for the pure 
material. 


very irritating sinell. 
n has the usual sour 


Chemical reactions 


(1) Acidic behaviour. Ethanoic acid is a weak acid, that is, it is slightly ionized 
in dilute solution. For example, at 0.1M, or 6 g dtn7?, the acid has a degre: of 
dissociation of 1.4%; at M, it is 0.4%. 


CZH..COOH(aq) = CH;.COO~(aq) + H+ (aq) 
The presence of H* gives the s 
It turns blue litmus to red. 
It forms a salt with an alkali or base. 
CH,.COO~(aq) +- H*(aq) + Na*(aq) + OH-(aq) —- 
CH;.COO-Na* (aq) -- H;O(I) 
It liberates carbon dioxide from a carbonate or hydrogenearbonate. 
CO;s?7(5) +. 2H*(aq) — H,0(1) + CO,(g) 
HCO,~(s) 4- H*(aq) — H;O(I) + CO(g) 


Adi liberates hydrogen on contact with a strongly clectropositive metal, e.g., 
g. 


olution the usual acidic behaviour, as below, 


- This includes all the fatty acids and also com- 

not belong to this series, e.g., oxalic acid and tartaric acid, 

These are both dicarboxylic acids, containing two carboxyl groups per molecule. 

Oxalic (Ethanedioic) acid Tartaric acid 

H€;0, or (COOH), C;H,0,(COOH), 

Both acids can neutralize alkali in two stages, giving an acid salt and 

salt. For oxalic acid with sodium hydroxide solution, the stages are: 

H;C;O.(ag) + NaOH(aq) — NaHC,0,(aq) + H;0() 

HaC,O«(aq) + 2NaOH(a 4) —> Na;C,O. (aq) ++ 2H301) 

The other acidic Properties given for acetic acid are also show, 

but the liberation 


à of hydr 
Organic acids, 


a normal 


c n by these acids, 
ogen with metal may be negligible for very weak 
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(2) Ester formation. A mixture of glacial ethanoic acid and moderate excess 
of a simple alcohol, e.g., CH;OH or C;H;OH, boiled under reflux with a little 
concentrated sulphuric acid or dry hydrogen chloride present as catalyst, pro- 
duces an ester. For example, with ethanol: 

CH,.COOH(!) 4- C;H,OH(I) = CH,.COOC;H,() + H30() 


For more details, see Experiment 108, page 348. 
(3) With chiorides of phosphorus. Glacial ethanoic acid reacts rapidly in the cold 
chioride. ‘Steamy’ fumes of hydrogen chloride are given 
nd the organic product is ethanoyl chloride, a colourless liquid which 


CH COOH() + PCis() — CH,:COCIQ) + HCl) + POCI,() 


This reaction shows the presence of the hydroxyl group, OH, in the acid; it is 
pari of the carboxyl group, COOH, 

Phosphorus(IIf) chloride reacts Similarly but more slowly: slight heating js 
required. 


3CH,.COOH() -+ 2PCI() — 3CH,.COCI() + P,O,(s) + 3HCI(g) 


Notice that the chlorides of phosphorus attack the COOH group of the acid 
but leave the CH, group unchanged, 

(4) With chlorine. If glacial ethanoic acid is boiled under reflux while chlorine is 
passed in, monochloraethanoic acid is produced, Light catalyses this reaction 
(pliotocatalysis). 


Cl,(g) + CH.COOH() — CH;CI.COOH() + HCl(g) 


Further. passage of chlorine will give, in succession, di- and trichloroethanoic 
acid CHCI;.COOH and CCI,.COOH respectively, Notice that chlorine at'acks 
only the CH, group, leaving the COOH group intact. Hio 

If monochloroethanoic acid is allowed to react with aqucous ammonia, it is 
converted to aminoethanoic acid, also called glycine, CH;NH;.COOH. NH, is 
called the amino group. Excess of ?;nonia would produce the ammonium salt 
of glycine, CH;NH;.COONH,,. Glycine and other, more complex, aminoacids 
are very important biological materials. For example, a protein, boiled with 
dilute acid, e.g., H,SO,, is hydrolysed into aminoacids, such as glycine and 
alanine CH;,.CH(NH;)COOH. This occurs because the protein contains 
Peptide (or amide) linkages, —CO.NH-——, and they break down in hydrolysis 
by using the elements of a molecule of water. 


—CO.NH— + H,O — —COOH + NH,— 


The oups are then constituents of different aminoacids, 
Did Cane A PER and other organic mixtures of com- 
Pounds can now be investigated very efficiently by the technique of chromato- 
&raphy, about which something will be written In the last section of this chapter. 
Complex compounds closely resembling natural proteins can be built ap in 
the laboratory by condensing aminoacids together, i.e., causing them to e ine 
y eliminating water molecules between the NH, group of one aminoacid an A 
the COOH group of another. This forms a peptide linkage in the course o 
Creating a more complex molecule. 


R.COOH + NH;.R, —> R.CO.NH.R, + H,O 


R, and R. t the rest of the aminoacid molecules. Using ingenious 
techniques ie acts one end of the growing polypeptide chain on a resin 
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bead, the condensation can be continued to eive a quite large, protein-like 
molecule; insulin and other naturally occurring proteins have been synthesized. 


The Esters 


Experiment 108 


Formation of an ester 


Into a dry test-tube, Put about 2 cm? of glacial 
ethanoic acid. Add a few drops of concentrated 
Sulphuric acid (catalyst) and shake, Add 
4 cm? of ethanol, shake and place the test-tube 
in a beaker of cold water, Heat it slowly and 
keep the temperature as high as is possible 
without allowing the mixture in the test-tube 
to boil. After 20-25 minutes, pour the contents 


CH,.COOC, 
In the alkaline case, 


duction of the sodiu: 
ethanoate, 


saponification.) Thè 
(propane-1,2,3-tri 


The chemical formulae are yı 
Of soap, see page 249, 


Synthesis of Terylene 
Terylene is a very 
ethane-1,2-diol (glycol) C,H 
thalic acid) C,H.(COOH), 
eliminating molecules of wate; 
to the Production of ethyl et 
though more complex, 


2C;H. 


Hs() + H00) = CH;. 


the above reaction Occurs and is 
m (or potassium) salt of the aci 


ol) and the sodium salt is the soap. 


- These materials condense toge 


of the test-tube into an evaporating dish about 

half-full of a concentrated common salt solu- 

tion. Oily drops of liquid Should rise to the 

surface (the ester, ethyl ethanoate), having 8 

pleasant smell of Poar-drops, 

CH3.COOH(I) + HCCSH,() = 
CH3.COOC3H,(I) + H,O(l) 


COOH(aq) + C;H,OH(aq) 


then followed by the pro- 
id, in this instance, sodium 


COONa(aq) + H5O(1) 
il with aqueous caustic soda is 


» (The hydrolysis of any ester used to be called 


alcoho] produced is glycerol 


Fat or oil + caustic soda — soap -+ glycerol 
ery complex. For a discussion of the manufacture 


polyester) synthesized from the alcohol, 
«(OH),, and benzene-],4-dicarbo. 


Xylic acid (tereph- 
ther when heated, 
y similar in principle 
€ acid and ethanol, 


'+02),(OH), + 2H,0 
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‘The organic product is still an alcohol (notice the two OH groups) and it can 
condense with more acid, a process which continues until the relative molecular 
mass of the product, ferylene, exceeds 50 000. Terylene can be extruded as 
fibres and woven into fabrics, sometimes in combination with other textiles. 

f Unlike the addition polymers (polyethene, PVC, etc., see page 341), Terylene 
is a condensation polymer. Formation of such polymers requires two types of 
monomer molecule, each with two reactive groups: 


ER [e] 
Every time a new bond is formed, a small molecule such as water is eliminated; 
but reacting groups are still left available for further reaction on each end of 


the chain. 
FOT Hes 


Terylene (also known as Dacron and Fortrel) is a typical polyester. 


The Amines 


Amines are members of the homologous series which has a general moJecular 
formula of C,H;,, 1: NH3 for its constituents. The first two members (both gases 
in ordinary conditions) are methylamine CH3NH2, and ethylamine CHsNH;. 
The amino group, NH3, is the characteristic group of all members of the series. 
Like all such amines, these two compounds are derived from ammonia by 
replacing one hydrogen atom of the NH; molecule by an organic group such 
as CH, or C2Hs. 


i a 
H—N—H H—N-—H. or C,H;NH2 
ammonia ethylamine 


Properties of simples amines 

Methylamine and ethylamine are colourless gases at room temperature and 
pressure; they have a strong smell of fish and ammonia and, like ammonia, are 
very soluble in cold water. They burn in air and this distinguishes them from 


ammonia, which does not. 


Basic nature of amines 
Like ammonia, the amines give an alkaline reaction in aqueous solution by 
producing a considerable concentration of hydroxide ion, OH". 


C,H;NH,(g) + H200) = C,HsNH;*(aq) + OH-(ag) 
Compare: NH,(g) + H,0() = NH,*(aq) + OH- (ag) 


Both methylamine and ethylamine turn damp red litmus paper blue and are, in 


fact, stronger bases than ammonia at corresponding dilutions. 
Just as ammonia forms salts with mineral acids, the amines produce corres- 


ponding salts, which can be obtained as similar white crystals. 
C,HsNH,(g) + HCl(g) > C,H4NH;*CI^(s) (cthylammonium chloride) 
Compare: 


NH,(g) + HCl(g) > NH;'CI- (9) (ammonium chloride) 
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These amine salts liberate the free amine when warmed with aqueous caustic 
alkali, just as an ammonium salt liberates ammonia in the same conditions. 
, 


C;H.NH;*CI-(s) + Nat OH- (aq) —> Na*Cl-(aq) + H,O(l) + CjH;NH, (aq) 
Compare: 

NH,*CI(s) + Na* OH-(ag) — Na*Cl-(aq) + H,C() + NH;(aq) 
Like aqueous ammonia, a solution of a simple amine supplies a large enough 
concentration of hydroxide ion to precip’ 


itate the insoluble hydroxides of 
several metals from solutioas of their salts, e.g., iron(III), zinc, and aluminium : 
hydroxides. 


Fe?*(ag) + 3OH-(aq) —> Fe(OH),(s) (Al similar) 
Zn?*(aq) + 20H-(aq) — Zn(OH),(s) 


Carbohydrates 


The carbohydrates are a family of compounds containi: 
and oxygen only. They are so called because they were fo! 
empirical formula C,(H50),, i.e., they appeared to be 
would be misleading to think of them in this way, however, and in reality the 
carbohydrates are classified in two Principal ways. One class is the so-called 
sugars, which includes such compounds as Blucose and fructose (formula 
C&H,30,) and sucrose (C,2H220,,), and the other class is the polysaccharides 
which contain polymeric material such as starch and cellulose [general formula 
(CsHi00s),]. 


Starch has many uses. Wheat Starch is the 


Europe and America, and maize starch of cornflour. Potato starch is widely 
consumed as food and other edible forms are Sago, tapioca, rice, and arrowroot. 
Potato starch is used in the manufacture of glucose, 
Until recently starch was the mai 


ing carbon, hydrogen, 
und to have the general 
‘hydrates of carbon’. It 


main constituent of bread in 


complete hydrolysis produces glucose (a sugar). 


Test for starch 


Conversion of Starch to glucose 


Starch is mixed with about 23 times its mass of water and about 1% of sul- 
phuric acid is added. This mixture is heated under Pressure for about 90 min, 
after which glucose solution is left. ` 


(Cs H, 003), + nHO — nC, H, ,0, 
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A slight excess of chalk is added to destroy the remaining acid and calcium 
sulphate is filtered off. After decolorization with charcoal and evaporation under 
reduced pressure, glucose crystallizes out after cooling and can be separated. 


Structure of the starch molecule E 

A starch molecule is produced by the combination of many molecules of glucose 
C4H,,0,. with elimination of molecules of water. Since this splitting out of 
HO molecules is classed as condensation and many molecules of glucose are 
involved, starch can be called a condensation polymer of glucose. For this pur- 
pose, glucose can be written as HO.C.H ,904-0H. Hydroxy! groups from a pair 
of different glucose molecules eliminate a water molecule between them and this 
happens repeatedly to form a very large linear molccule in the following way. 
Letting CeH1004 = X, 


Ho-x--o[H+HO}-X-O[H + HO}-X- o[H + HO]-x- 0H — 


H0—X—0—X-0—X- 0—X- OH +3H,0 


Between 200 and 500 glucose molecules can group themselves together in an 
actual starch. mclecule, giving a possible molecular mass in the region of 
60 000. If the chain-molecule formed remains straight, the material is called 
amylose, but if a branched structure is formed with many offshoots (usually 
about 20 glucose units long), the product is amylopectin. Various samples of 
starch have varying proportions of the two. Hydrolysis with hot, dilute, sul- 
phuric acid puts back the H;O molecules and breaks up the chain to single 
glucose molecules again. The two components of starch differ somewhat in be- 
haviour with iodine. Amylose gives a b/ue colour and amylopectin reddish purp‘e. 


Synthetic polymers 

Starch is an example of a polymeric substance which occurs in nature, However, 
we are all very much aware of the importance which synthetic (or ‘artificial’) 
polymers play in cur Jives, and the manner in which three of the most common 
polymers are manufactured will be discussed. 


Polystyrene (Polyphenylethene) 

Styrene is phenylethene CsHs.CH=CH);. It is a colourless liquid prepared (in 
two stages) from benzene C&H,, and ethene. It polymerizes slowly at ordinary 
temperature and rapidly if heated: to 100-150 °C, preferably in nitrogen to 
prevent oxidation. It produces polymers of average molecular mass about 
120000 at 100°C and about 23 000 at 150 °C. The polymers have a linear 
structure resembling that of polyethene (page 337), but with a phenyl (C.Hs) 
group attached to each alternate carbon atom. 


—CH,—CH—CH,—CH—CH,—CH—CH,—CH—CH,—CH. 


| 
CH; CsHs bn, CH; bait, 


The polymer is a white solid and can be depolymerized (back to styrene) at 
about 350 °C. 

Polystyrene is a very good electrical insulator (especially for high-frequency 
work) and, being water-resistant, can be moulded into battery cases and re- 
frigerator parts. Expanded polystyrene (in the form of blocks and mouldings) 
can be used in thermal insulation and also in packaging and display. Great 
quantities of phenylethene (25%) are co-polymerized with butadiene (75%) in 
making a synthetic rubber. 
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Perspex 


An acidic derivative of ethene is propenoic acid (acrylic acid) CH;—C H.COOH. 
2-Methylpropenoic acid is CH;—C(CH, )COOH and its methyl ester is 
CH,—C(CH;).COOCH,. This ester, having a double bond like ethene, polymer- 
izes in a corresponding way. The polymerization is carried out at 80-90 c in 
an emulsion of the ester in dilute aqueous soap solution with hydrogen peroxide 
present. After cooling, the mixture is poured into very dilute hydrochloric acid 
when the polymer coagulates and is separated, washed, and dried. The polymer 


‘is linear, like polyethene, but has CH; and COOCH, groups attached to alternate 
carbon atoms. 


m CH CH; ra CH 
—CH,—C—cH, 6 cn, cn, o cn, d eg. 


COOCH, COOCH, coocn, ooN CUESTA 
The polymer is colourless and transparent. When softe; 
moulded into objects with optical uses, e.g., 
form as ‘Perspex’ can replace the much de: 
windows, It is also moulded into artificial de 
(Notice how, in both polystyrene and the P. 
the simple compound are lost and the pol; 


ned by heat, it can be 
lenses and reflectors, and, in sheet 
nser glass in illuminated signs and 
ntures and small household articles. 
erspex polymer, the double bonds of 
lymer is a saturated material.) 


Nylon 
Nylon is called a. conde: 


nsation polymer (page 349) because "water is split 
Out between pairs of molecul 


les as it forms. These molecules are of the types 
HO—X—OH and H—Y—H and the essential reaction is: 


~ EOD OH Ay EF HO} x pr FAHY FOL pap. 


—X-Y-X—Y—-X—Y-X—y- + nHo 


near molecule which is ny/on. The process is 
h heat and pressure in an autoclave and, after 
ps. By melting the chips and forcing the liquid 
tiny holes in a-metal disc (a spinneret), filaments are formed, stretched 
red into nylon yarn. This yarn is woven into a 
stockings, shirts) and into tow Topes, tyre-cord, 
require strength and durability. Nylon powder 
various plastic articles, e.g., gears and bearings 
in small machines Such as electric mixers and razors, where toughness is required. 

The actual compounds used in making nylon, both petroleum derivatives, 
are: 


variety of garments (underwear, 
nets, and racquet Strings, which 
can be moulded, while hot, into 


HO—CO(CHj,CO—OH and H—NH(CH;),NH—H 
hexane-1,6-dioic acid 


From this, X is —CO(CH 
nylon molecule is: 


1,6-diaminohexane 
2)4CO— and Y is —NH(CH;);NH— and the linear 
+: —CO(CH,),CO—NH(CH,),NH—CO(CH,), 


Notice the amid 
‘condensation p 


—CO—NH(CH,),NH— cel 
e linkages, —CO—NH—, in this chain. It is found that, in 
olymers' like nylon, the rotal number of H; groups in the two 
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constituents must be at leasi eight, and preferably nine. Otherwise. cyclic com- 
pounds ofsmall molecular mass will form, and not very large linear molecules ) 


The separation of organic compounds by chromatography 


Chromatography is a means of separating the constituents (usually organic but 
by no means exclusively s9) of a mixture by taking advantage of their different 
rates of movement (in a solvent) over an adsorbent medium. For cach on 
stituent, the rate of movement depends on the relative affinities of the constituent 
for the solvent and the adsorbent medium. In paper chromatography, which ‘s 
one of its most useful forms, the adsorbent medium is filter paper and a varici) 
of solvents can be used, c.g. ethyl ethanoate, methanol, aqueous phenol: The 
following experiment illustrates the process of chromatography in a simple way. 
A pinhole is made at the centre of a Whatman No. | filter paper of 12.5 cm 
diameter. String is threaded through the hole and cut to 0,5 cm length on one 
side and 5 cm on the other. A drop of BDH universal indicator is then placed 
in the centre of the uiter paper and allowed to dry out and turn brown in air 
A Petri dish (or shallow orysiallizing dish) of 10 cm diameter is about one-third 
filled with the solvent, e*^yl'ethanoate, and the filter paper is placed over it so that 
the longer end of string dips into the solvent. Another similar dish is placed on 
top (Figure 153), to make a closed system. Ethyl ethanoate will ascend the string 
and spread over the filter paper so developing a chromatogram of the con- 
stituents of the indicator. That is, after a suitable time (up to an hour), bands 
of the different dyes present will be seen ~ a purple colour ahead, a yellow colour 

red-brown dye remaining close to the centre, If methanol 


about half-way, and à > : 
is the solvent, an outer yellow band occurs, with an inner red band and no 


residue at the centre. 


dried spot of indicator 
(BDH universal) 


filter 
paper 


ethyl ethanoate 
(or other solvent) 


Figure 153 


Questions 

l, Select one member of each of the follow- — two chemical reactions, and two eer Bes 
ing homologous series: (i) the alkenes, in everyday life. (N.L) 

(i) the alcohols, and (ii) the mono-carb- — ' CUTS 

Oxylic acids. In each case give its name, 2 Outline how five cf tne following sub- 
molecular formula and structural formula, stances can be obtained: (uj ethene (ety 
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from petroleum; (b) ethanol (ethyl alcohol) 
from ethene; (c) ethene from ethanol; 
(d) polyethene (polyethylene) from ethene; 
(e) ethanoic acid from ethanol; (f) ethyl 
ethanoate from ethanoic acid; (7) soap from 
a fat. (A.E.B.) 


3. When a mixture of solid sodium ethano- 
ate and solid sodium hydroxide is heated, 
the following reaction takes place: 


CH;.COONa + NaOH — 
CH, + Na.CO; 


(a) Assuming that the sodium salts of 
other organic acids react with sodium 
hydroxide in a similar way, cach forming 
sodium carbonate and one other product, 
write equations for the reactions you would 
expect when the following salts are heated 
with sodium hydroxide: (i) sodium methano- 
ate H.COONa; (ii sodium propanoate 
CH3.CH;.COONa; (iii) sodium propenoate 
CH:=CH.COONa. Name the products 
that you would expect to be formed in 
each reaction. 

(b) Draw a diagram of the apparatus you 
would use to try out these reactions and to 
collect small samples of the products. 

(c) Describe simple tests you could carry 
out with the products of two of the reactions 
you have suggested in (a) in order to confirm 
your predictions. (C.) 


4. What do you understand by the terms 
(a) unsaturated, (b) polymerization, and 
(c) alkane? Illustrate your answers by 
reference to simple hydrocarbons. 

What is the reaction of methane, ethene, 
and ethyne with chlorine? Draw attention 
to any characteristic types of reactions 
involved. Ethyne reacts more vigorously 
than ethene with chlorine while ethane reacts 
less vigorously. With the aid of three-dimen- 
Sional sketches showing the molecular 
structures of these hydrocarbons, account 
for this variation in reactivity. (S.) 

5. (a) Describe briefl 


J b ly how you would 
obtain some dilute aqueous ethanol, starting 
from sugar. 


_ (6) What is the gas produced at the same 
time as the aqueous ethanol? 
(c) How would you obtain 
men of almost pure ethanol from aqueous 
ethanol? Give brief experimental details. 

(d) How would you make a small quantity 
of ethyl ethanoate (on a test-tube scale) from 
eal How dd iu be able to tell 

ier you had any ethyl i 

E y ethyl ethanoate in your 

€) Much ethanol is manufactured from 
ethene. (i) What is the main source of 
ethene and how is ethene obtained from this 
Source? (ii) Name one other important 
product that is manufactured from ethene 
And give a use of this product. 


a small speci- 


(f) Why are many centres of the petro- 
leum industry situated near the coast? (L.) 


6. Distinguish between an addition and a 
substitution reaction. Give one example o! 
each. (S.) 


7. Olive oil is composed mainly of an ester 
of an unsaturated organic acid. Explain the 
meaning of the terms in italics. y. 

One of the largest users of vegetable oils is 
the soap industry. State briefly how soap 15 
produced from vegetable oils. Explain how 
Soap acts in removing grease from dishes. 
Explain why the efficiency of soap is reduced 
if the tap water contains Ca?* or Mg?* ions. 
(Scottish.) 


8. Give two chemical reactions of each of 
the following, naming the products formed 
and giving equations in each case: (a) meth- 
ane; (b) ethene (ethylene); (c) ethanol; 
(d) ethanoic acid. State very briefly how 
either methane or ethene can be prepared. 
(A.E.B.) 
9. Describe what is seen when ethene 
(ethylene) is bubbled through bromine 
water. Give an equation for the reaction and 
explain what can be deduced about the 
structure of ethene, ` 
Describe what is seen when ethanol is 
warmed with acidified potassium dichromate 
solution. Give the name and structural 
formula of one organic compound formed in 
this reaction. 1 
Write down the structural formula of ethy’ 
ethanoate and describe in outline how it can 
be prepared from ethanol. (O.) 


10. Write down one possible structural 
formula for aminoacetic acid (glycine). Pos 
does this compound react with (a) rt 
hydroxide solution, (b) hydrochloric acic * A 

Describe what happens when a protein, 
such as egg-white, is boiled for a long um 
with dilute hydrochloric acid. What class © 
product is obtained? (O. and C.) 


Fe 1 
11. Under what conditions does ethane 
react with sulphuric acid to produce tho 
colourless gas ethene (ethylene) C;H4 
Write an equation for this reaction. t 

What is the action of ethene upon bros 
mine and upon hydrogen chloride? Give t 
names and formulae of the products. wae 
are the reactions (if any) of ethane up 
bromine and upon hydrogen chloride? Ho Y 
is the difference in behaviour betwee 
ethene and ethane accountec for? f 

Ethene will burn in a plentiful supply O 
air to form carbon dioxide and water- 
Assuming that the air contains 20% PY 
volume of oxygen and that all volumes are 
measured at s.t.p., what volume of air will 
be required to burn completely 100 cm? of 
ethene and what will be the volume of tb 
carbon dioaide produced? (O.) 


12. Ethanol can be produced either by 
fermentation or from ethene. (a) Explain, 
with reference to the formation of ethanol, 
the meaning of the term fermentation. 
(b) Describe briefly how ethene is obtained 
on a large scale. (c) How is ethene converted 
to ethanol? (d) Give one other large-scale 
use of ethene. (e) Name the products formed 
when ethanol is burnt in excess air. Give the 
equation from this reaction (/) Give the 
name and formula of an ester which can be 
prepared from ethanol. (0. and C.) 


13. (a) Ethanol can be produced by fermenta- 
tion, Explain the term fermentation and give 
the full structural formula of ethanol. 

(b) Under certain conditions the gas 
ethene can be polymerized to give a solid. 
Explain the meaning of the word polymerized 
and indicate how the reaction takes place. 

(c) An ester can be prepared from ethanol 
by reaction with ethanoic acid in the presence 
of concentrated sulphuric acid. Give the 
name and structural formula of this ester and 
explain why concentrated sulphuric acid is 
needed. À " 

(d) Photosynthesis is a 
Who: is photosynthesis, and under what 
conditions does it take place? (O. and C.) 
14. The gas ethene C;H is obtained by the 


i i d natural gas. With the aid 
cracking of oils and na gas. pot aa 


cf heat, pressure, and catalysts, 
obtained from ethene. 

(a) Write down the structural formula of 
ethene, (b) Explain what is meant by the 
term cracking. (c) Define the term catalyst. 
(d) Explain the process which takes place in 
the manufacture of polyethene. (e) Describe 
what happens when ethene is passed into 
bromine water. (O. and C.) 

15. Give the names of each of the following 


compounds: 


A CH;OH; 
B CH;CH;.CH;; 
C CH;CH;.COOH; 


Which of these compounds are gases at 
room temperature? 

Which fwo of these compounds have 
identical molecular masses? Describe, with 
an equation, a reaction of one of these com- 
pounds that would distinguish it from the 
other. 

What reagents would you use to carry out 
[0] a substitution reaction with compound B, 
(ii) an addition reaction with compound D? 

rite equations for these two reactions. (C.) 


16. State ore chemical and one physical 
Property of ethane. Suppose that, in the 
molecule of ethane, (a) one H is replaced by 
OH, (5) one H is replaced by NH2, (c) two 
H atoms are removed. State, in each case, 
tho name, one chemical property, and one 


natural process. 


D CH;—CH;; 
E CH;.COOCH;. 
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physica! property of the new compound 
formed. 

If two hydrogen atoms in the molecule of 
ethane are replaced by chlorine atoms, it is 
Possible to obtain two different compounds 
as products. Explain this. (C.) 


17. Name the process used to obtain an 
aqueous solution of ethanol from a sugar, 
for example, glucose Cs H206. Describe how 
you would carry out this preparation. 

State. without further description, the 
method you would use to obtain a sample of 
reasonably pure ethanol from the aqueous 
solution and indicate the physical bases of 
this separation. 

Write down the structural formula of 
ethanol. 

Explain the following, stating the chemical 
reactions which take place: (a) ethanol 
burns in air with a pale blue flame, (b) when 
sodium is added to pure ethanol a colourless 
gas is evolved, (c) when a mixture of equal 
volumes of ethanol and ethanoic acid is 
warmed with a few drops of concentrated 
sulphuric acid, a vapour with a pleasant smeil 
is obtained. (A.E.B.) 


18. Explain the basic nature of ethylamine 
C,HsNH2, and compare the behav Ot of 
this compound with that of ammonia to- 
wards hydrochloric acid. How, by one 
chemical test, would you distinguish ethyl- 
amine from ammonia (both gaseous)? If 
ethylamine is the second member, write the 
molecular formula of the fifth member of 
the homologous series. Mention mo differ- 
ences of physical properties you would 
expect between the two compounds. 


19. Explain what is meant by polymeriza- 
tion. Outline the manufacture of Polythene. 
Write a short account of its uses and why it 
is suited to them. Explain why Terylene is 
called a polvester. Why is it called a con- 
densation polymer? What is the chief use of 
Terylene in ordinary life? 


20. There are two isomers of molecular 
formula C2H.O, ie, an alcohol and a 
compound of another type. Write their full 
structural formulae. Give one chemical a 
to distinguish between them. Write sut 
structural formu'ae for the two isomers of 
butane CsHiv. Pentane CsHi2 has three 
isomers. Write full structural formulae for 
two of them. 


i 1 
21. (a) Draw diagrams to show the structura 
ER of (i) ethane, (ii) ethene, and 


iii) ethyne. ; 
o) Under what conditions does ethene 
react with (i) hydrogen, and (ii) hydrogen 
chloride? in each case, name the produci 

vrite an equation. —— 
DOE what condi 


tions does ethyne 
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react with an excess of (i) hydrogen, and chloride, a compound is formed which will 
(ii) bromine? In each case, name the product undergo polymerization. Draw a diagram 
and write an equation. to illustrate the structure of a section of the 

(4) When ethyne reacts with hydrogen polymer which is formed. (J.M.B.) 


Se FT BENS 


29 Silicon and its 
Compounds 


Occurrence 
Silicon is the second most abundant element in the earth's crust, the most 
abundant of all being oxygen. Silicon is found in the following fone 

1. As metallic silicates. Igneous rocks, such as granite and basalt, consist 
largely of mixtures of silicates, those of magnesium, aluminium, potassium and 
iron being most common. China clay, kaolin, is a hydrated silicate GREASE rts 
ordinary clay is a mixture of particles of quartz, mica, and other SUBerances 
bound together by a sticky material which is a. hydrated silicate of aluminium 
of approximate formula Al,Si,07.2H,O. 

2. As silica (silicon dioxide) SiO. The purest form of silica is rock crystal or 
transparent quartz. Sand usually consists of silica, with various impurities, and 
opal, hornstone, and jasper are forms of this oxide. It also exists in a less pure 
form as flint, 

The porous material *kieselguhr" is a form ot silica made up of the fossil shells 
of small plants called diatoms. It is used to absorb the explosive, ‘nitroglycerine’, 
forming the product called ‘dynamite’, which is safer to transport and handle 


than the explosive itself. 


Preparation of silicon 


The element may be prepared in the amorphous state by heating magnesium 


powder with dry silica SiO;. 
SiO,(s) + 2M&(S) > 2MgO(s) + Si(s) 
d great care needs to be taken in obtaining the 


The reaction is very violent, an 
e industrial production of silicon the silica is 


element by this method. In th 
heated in an electric furnace with carbon. 


SiO;(s) + C(s) — Si(s) + cO.(g) 


Reactions of silicon 
Silicon burns in air forming a white Aid, silica. 


Si(s) + O2(g) — Si02(5) 


Amorphous silicon combines v'ith chlorine at low red heat and also decomposes 


steam. 


Si(s) 3- 2CL(g) — SICI() 
Si(s) + 2H,0(g) > SIOx S) + 2H;(g) 
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i a onze. and in 
Silicon is used in the manufacture of certain types of steel and bronze, and i 
the production of silicones, transistors, and microcircuits, 


Silicon dioxide (silica) Sio; 


Experiment 109 
Preparation of silica from sodium Silicate 
Add concentrated h 


Solution of sodium sii 
essary. White hydrate. 


ydrochioric acid to a 
licete and warm if nec- 
d silica (silicic acid) will 


Show that the precipitate is readiiy soiuble in 
dilute caustic soda solution. 


2NaOH(aq) + SiO;(s) —> i) 
come down as a gelatinous precipitate, Na;SiO;(aq) — H:O( 
Na;SiO; (aq) + 2HCl(aq) —- 
2NaCI(aq) + Sio..H,O (s) 
moe ER RETO 


Uses and properties of silica 


Fused silica is used for the manufacture of 
tus. Its coefficient of expansion is ve 


and consequently the Strains set-up in it b: 


ulty in working fused silica is th. 
is required, 

) is almost insoluble in w; 

ms silicates with caustic 


at the very high tempera- 


ater. It acts as the acidic oxide 


SiO;(s) + 20H-(ag) -=> SiO;?-(aq) + H,O(1) 
SiOs(s) + 92-(s —> SiO,?-(s) 


the gaseous State of ca 
f carbon dioxide (page 87). 
Experiment 110 

Sodiuin s cate from 


f te geiatinous ipi Silica is an acidic oxi 
Silica obtained abov i as follows: put a 
t c is amorphous silica hydroxide about 
and is no longer easily soluble in caustic soda crucible, add a Spi 
hot and Concentrated. That silica and heat th 


ide can, however, be shown 
small piece of solid sodium 
half an inch. leng into a 
atula measure oy amorphous 
e mass Strongly for about ten 


alkalis and metallic oxides (all 


CM— M 


pass Take great care when doing this that 
eee the molten mass is spilled or comes 
ae ontact with the flesh. Allow the melt to 

Ol, fill the crucible two-thirds full of water and 
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Silica is non-volatile and can, at high tem- 
peratures, displace volatile acidic oxides from 
combinaticn. They pass off as vapour, leaving a 
silicate, e.g.. 


m The Solution obtained is sodium silicate 
T fiom it gelatinous silica can be obtained by 
€ action of hydrochloric acid. 


Na2SO.4(s) + SiO;(s) — 
NasSiOs(s) + SOs(g) 


Silicates 
Silicates are salts of the silicic acids. The chemistry of these acids is complex, 
and little is known for certain about them. 

The gelatinous substance precipitated by acidifying a hot solution of ‘water- 
glass’ has the empirical formuia H5SiO;, and is called meta-silicic acid, and an 
acid of approxitnate formula H4SiO,, ortho-silicic acid, is obtained by the 
action of water on silicon tetrachloride. 

Na,SiO,(aq) + 2HCl(aq) — H,SiO,(aq) + 2NaCl(aq) 
SiC (I) -+ 4H,O(D — H4SiO4(aq) + 4HCl(ag) 


The salts of these acids are called silicates. The meta-silicates are the most 


important. 


Sodium silicate (water-glass) Na;SiOs 


Sodium silicate is prepared by heating two parts by mass of silica with one part 


of sodium carbonate. 
Na,CO,(s) + SiO2(s) — Na2SiO3(s) + CO;(g) 

solid. ft is heated with water (under pressure) to dis- 
s in the form of a concentrated solution, similar in 
consistency to *golden syrup", but colourless. This is called *water-glass'. 

Water-glass is chiefly used for preserving eggs. The shell of an egg consists 
largely of calcium carbonate. This, when the egg is immersed in a suitable solu- 
tion of ‘water-glass’, reacts with the sodium silicate to produce a precipitate of 
calcium silicate which seals the pores of the shell, excluding bacteria and so 
preserving the egg from putrefaction. 


CaCO,(s) + Na;SiOs(aq) — CaSiO,(s) + Na;COs(aq) 


er ed 


Experiment 111. 
Formation of a silica garden 


c 


The product is a glassy 
solve it, and is sold in tin 


^i: interestina chemical phenomenon, called a 
Silica garden', can be shown in the following 
Way. Dilute some water-glass until it has a 
lensity of 1.1 g cm-? (test with a hydrometer), 
uen filter it and put the liquid into a tall, rather 
Dodd Vessel. Drop into it crystals of mangan- 
SU chloride icut) iron (Il) 
orn and copper(I!) sulphate. From these 
"Vstals there will shoot fantastic coioured 


n 


growths. Those from the cobalt salt usually 
appear within a few seconds and grow rapidly. 
They are dark blue. Growths from the other 
Crye.@'s appear more slowly. Those from the 
manganese salt are pale pink, from copper 
sulphate light blue, and from the iron(II) salt 
grcen. The growths are tubes of the silicates of 
the metals. 


pcd ortos a tulT an! 5:1 en 
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Silica gel 
If hydrochloric acid is added to a concentrated solution of sodium silicate as 
about 100 °C, a product known as silica gel is precipitated. It contains 5-7% o! 
Water and is regarded as à partially hydrated silica. 

Na,SiO,(aq) + 2HCl(aq) — 2NaCl(aq) + SiO;.H;O(s) 
apour vei 
in drying air 


s » ommon soft glass, of which bottles are made,\ 15 
Picbated iby hi ilica i of sand, sodium carbonate OF 
sodium Sulphate, and chalk or limestone (calcium carbonate). (Some broken 
glass and a littl 


a tte coke are usually added.) The glass so prepared consists of 4 
mixture of sodium silicate and calcium silicate. 


Na,CO,(s) + SiO;(s) — Na,Si0,(s) 4- CO,(g) 
(or Na,SO,) (or SO;) 
CaCO,(s) + SiO;(s) —> CaSiO,(s) + CO,(g) 
If potassium cai 


adding to the ordinary glass mixture some Te 
PbO. Such a glass (‘flint glass’) has a high refr: 
and lenses, but it is soft and should be wiped 
the surface, 

Coloured glass is obtained by addition of metallic oxides, for example, 
cobalt produces blue glass, chromi 


um produces green glass, Opalescent glass 
may be produced by addition of calcium Phosphate. 


d lead oxide Pb4O,, or massicot 
active index and is used for prisms 
only with silk, to avoid scratching 


Physical nature of glass 


is shown by the fact that, when heated, it does 
to the liquid state at a definite temperature, 
but softens slowly as the tei i becomes liquid. A true 


aluable property. It enables à 
skilled worker or a machi iti rious shapes - bottles, flasks, 
itable moulds. While soft, glass can also be moulded and 

i Pparatus. Large sheets of glass have been 
produced by rolling out a mass of hot glass ona long, flat table or, more recently, A 
by floating glass on molten Un while heating the top surface. 
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Articles made of glass, particularly those needed for optical purposes, usually 


have to be annealed, that is, 
to cool very slowly and unifor 
The annealing of consideral 
even months. Working with 
Egyptians at least 2300 years ago, 


eated to a suitable temperature and then allowed 
rmly so tha: no stresses are set up within the glass. 
ble masses of glass may require several weeks, or 
glass is a very ancient art. Tt was practised: by the 
while some of the finest specimens of glass- 


ware are the work of Venetian craftsmen of the Middle Ages. 


Silicon tetrachloride 
Silicon combines with chlori 


ne when heated to form silicon tetrachloride, but a 


more convenient method of producing this compound (because it does not 


require the element, si 
in a current of dry chlorine. 


licon) is to heat an intimate mixture of silica and carbon 


SiO,(s) + 2C(3) + 2CL(g) > SiC.) + 2CO(g) 


Silicon tetrachloride distils off as vapour and can be condensed to a colourless 
liquid of boiling point 58 *C at 760 mm. It may contain a small proportion of 


other chlorides, &.g-, Si;Cls. 
Properties 


(1) Silicon tetrachloride reacts rapidly with cold water, forming hydrogen 


chlocide and silicic acid. 


SiCI, (I) + 3H20@) —- 4HCI(g) + H5SiO; (aa) 


This reaction (with a 
moist air. 


tmospheric moisture) causes the tetrachloride to fume in 
Carbon tetrachloride CCl,, however, has no reaction with water, 


which is unusual for the chloride of a non-metal, 
(d) If heated with an alkali metal, silicon tetrachloride is decomposed to- 


‘form silicon. 


Questions 

i. What is the chemical nature of glass? 
How is it made? Why is glass stated to be a 
super-cooled liquid? 

2. Silica is an acid-forming oxide. Justify 
this statement by reference to the chemical 
properties of silica. 

3. In what forms does silica occur in nature? 
How may the element silicon be obtained 
from silica? 

4, What is silica? Starting with the naturally 
occurring substance describe how you. would 
obtain (a) water-glass; (4) a solution of 
silicic acid; and (c) pure silica. (L.) 

5. Describe in outline two methods by which 
silicon may be prepared in the laboratory 
from silica SiO;. How, and in what con- 


SiCI4() + 4K(s) — Si) + 4KCl(s) 


ditions e dcr ie with (a) Nm 
ydroxide, lorine, (c) oxygen 
pare the behaviour of carbon with iot of 
silicon towards these three reagents. 


6. Describe a laboratory preparation of a 
concentrated ‘solution of ilicat 
from silica SiOz. How may the product sif 

gel be obtained from this solution ?-Briefi 
discuss the large-scale uses of this 


| wit c to the chemical nature 
of their dioxides and the behaviour of their 
achiorides with water. Mention the ex- 
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The four non-metals, fluorine, chlorine, bromine, and iodine, make up a family 
of related elements, the chemical properties of which form an interesting study- 
The name given to this family of elements is the Halogens, meaning literally 
‘salt-producer’, since all the halogen elements react with most metals to form 
electrovalent, salt-like, compounds. The first of the series is the very active 
element fluorine, which is so active that it evaded efforts to isolate it for many 
years, because it reacted with almost every element or substance with which it 
came into contact — even the giass of the apparatus in which the reaction took 
place! Because fluorine is so difficult to isolate safely, its properties have nO 
practical application in the school laboratory. We shall see that bromine behaves, 
in reactivity, between the very reactive chlorine and the not-so-reactive iodine. 


Chlorine 


Chlorine was first isolated by Scheele in 1774. Scheele was a Swedish apothecary 
who carried out, during the short time which he lived (he died when only 44); 
a vast aumber of illuminating experiments, performed in an old shed attache 
to his house. ft was whilst he was investigating the properties of pyrolusit¢ 
(impure manganese(IV) oxide) that he heated it with concentrated hydrochlori¢ 
acid in a retort and collected the chlorine pas which came off into a pig’s bladder. 
It is usually made by the oxidation of concentrated hydrochloric acid. The 
oxidation can be brought about by many oxidizing agents, for example, lead iV) 
oxide, manganese(IV) oxide, red lead oxide, or potassium permznganate. 


2Cl- (aq) — Cl(aq) + 2e- 
from to 
hydrochloric oxidizing agent 
acid 


Laboratory preparation of chlorine 


Experiment 112 


Preparation of chiorine from concentrated hydrochloric acid by oxidation 
with manganese(1V) oxide 


ee Ne UTE. 


Fit up the apparatus as shown ir, Figure 164. 
Put some manganese(iV) oxide into the flask, 
pour concentrated hydrochloric acid down the 
funnel and shake well before connecting up the 
flask with the rest of the apparetus, (Note: 
the use of a gas-ring and gauze keeps the 
flask low and makes the apparatus more 
stable.) 

Heat the mixture in the flask and efferves- 
tence is observed, A greenish-vellow gas is 


evolved which, together with 4 certain amount 
of hydrogen chloride (misty fumes), pa: 
over into the first botile which contains wate" 
This removes the hydrochloric acid gas (whi? 
is very soluble in water), and the concentrat 
sulphuric acid in the second bottie dries the g? 
which is collected by downward delivery: 
gus being denser than air, 
MnOi(s) + 4HCl(aq) —- (9) 
MnCl, (aq) -+ 2H20(1) + Cl 
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water to renove concentrated sulphuric 
hydrogen chloride acid to dry the gas 
Figure 15% 


————— 


The above experiment, should be carried out in a fume-chamber, as should 
any preparation of chlorine in which it is collected by displacement of air. 
| 


Experiment 1 13 
rine from concentrated hydrochloric acid by oxidation 


Preparation of chlo 
ium permanganate 


Figure 155 


E 16HCl(aa) — 


2KMnO. (ad) 
8H,0(1) + 5C. (8) 


2Kcl(aq) + 2MnCiz(aq) + 


convenient laboratory methor 
jace in the cold and the rate c 


[If the chlorine is required pure and dry, insert 
wash-bottles containing (8) water and (6) 
concentrated sulphuric acid in Figure 155 and 
colleet by displacement of air or in 8 gas 
syringe.] 


This is a very 
because it takes pl 
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production of chlorine can easily be controlled, 
and, if the gas is collected over brine, the 
experiment need not be conducted in a fume- 
chamber. 

Solid potassium permanganate is placed in a 
flask and concentrated hydrochloric acid is 
dropped on to it from a tap-funnel (Figure 155). 


As each drop of acid resches the permanganste, 
there is evolved at once the corresponding 
quantity of chlorine. The apparatus is filled with 
the greenish-yellow fumes of the gas. Several 
Gas-jars of the gas should be collected and the 
experiments described later performed to illu- 
Strate its properties. 


MEME A SETS 


Experiment 114 


Preparation of chlorine from common sait (sodium chloride) 


"PS MENT. LT crees 00 0 


Chemistry of the action. Concentrated sul- 
phuric acid acts upon the sodium chloride to 
form hydrogen chloride, which is then oxidized 
to chlorine by manganese(IV) oxide. 

The apparatus is identical with Figure 154 
and the experiment is performed in a similar 
manner except that an intimate mixture of 
sodium chloride and manganese(iV) oxide is 
placed in the flask and concentrated sulphuric 


acid added. In this experiment the presence of 
hydrogen chloride as an impurity is more 
obvious. It is removed by passing the gases 
through water, and the chlorine is dried by 
means of concentrated sulphuric acid and 
collected as shown in Figure 154. 


2NaCl(s) + MnO;(s) + 2H2S0,(aq) —> 
Na5S0, (ag) +- MnSC,(aq) + 2H;0(1) + Cla(9) 


LS TUUS UD RI EUMDEM usur i02 ian 


Experiment 115 


Preparation of chlorine from bleaching powder 


In this case the chlorine is not prepared by the 
Oxidation of concentrated hydrochloric acid. 
The apparatus used is identical with Figure 155, 
bleaching powder is placed in the flesk and a 
dilute acid, e.g., nitric acid, is dropped on to the 
powder. Effervescence occurs and the greenish- 
yellow gas can be collected by either of the 
methods mentioned previously. Heat is not 
required. 


'CaOCi;'(s) +- 2HNO;(aq) —> 
bleaching 
powder 


Ca(NO;);(aq) + H;O(l) + Cl;(9) 


Similarly: 


'CaOCh;'(s) + 2ZHCl(aq) —> 
CaCl, (aq) + H20(1) + Cla(9) 


industrial manufacture of chlorine 


Chlorine is produced commercially by the electrolysis of sodium chloride solu- 
tion (brine). It is evolved at the anode of a specially designed cell, and since the 
other electrode product (sodium hydroxide, at the cathode) reacts with chlorine, 

20H-(ag) + Cl.(g) > Cl-(aq) + OCI- (aq) + H;0() 
they must be kept apart. In one form of cell (developed by Castner, Kellner, and 
Solvay) this separation is effected by the use of a circulating mercury diaphragia 
(Figure 156). The circulation of the mercury is shown heavily shaded. In the 
upper (brine) cell, sodium ion is discharged and sodium enters the mercury 
cing eas amalgam. This c because hydrogen has a high over- 
voltage (0.78 volt) at a mercury cat e and so does not di ine 
Mise. Ves not discharge. Chlori 

At cathode At 
Nat +e" — Na Ci — REN ici 
2 

Sodium amalgam, flowing into the lower (soda) cell is- 

A B N > encounters a flow of dis 
tilled water in contact with steel grids on which hydrogen has only a very low 


wedenvida tn Crean, 


amalgam 


Figure 156 


2Na(s) + 2(H* OH~) — 2(N2* OH- Xaq) + Hz(g) 
The high capital charge on the mercury used adds considerably to the cost of 
this process and rival cells using asbestos separating diaphragms, e.g., the Hooker 
cell, have been tried. Here, the advantage of cheapness is offset by the fact thet 
sodium chloride penetrates the diaphragm and pollutes the product. 


Chlorine is a greenish-yellow gas with a choking, unpleasant, irritating smell. 


i part 
TOU ofan Bay be injurious). It was used extensively duriny the war. of 1914-18 
and, being about 2} times as dense as air, it would roll along the ground when 
Propelled by a very gentle wind without a great deal of it escaping upwards. 

Tt bleaches damp litmue and is a very reactive gas indeed. The following 
experiments illustrate its properties and they are classified ‘according to the 
various ways in which the gas can act. 


Enna 


Experiment 116 
Chlorins «s a bleaching agent 


Pour a little litmus solution into a ge3-jar of the end will remove writing ink (but not printer's 
gas. The litmus immediately turns colourless. ink, which consists mainly of cerbon, which 
Chlorine will bleach the colour from most dyes -chlorine does not attack) 


Ea WE AIR eios s 
Bleaching action. The chlorine reacts with the water, forming hypochlorous 


a H Hi HC) 
xg) + 1,00) > el ot 
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This hypochlorous acid is a very reactive compound and readily gives up its 
oxygen to the dye, to form a colourless compound. 


dye +- HOCI —> HCI + (dye + O) 


coloured colourless 


Notice that hydrochloric acid is produced whenever chlorine bleaches, and 
hence an article must be thoroughly washed after bleaching or it will be attacked 
by the free acid. 

In industry, the article to be bleached is dipped into a tank containing bleach- 
ing powder in water, then into very dilute sulphuric acid. It is then washed by 
water to remove acid and may be trected with an anti-chlor to remove remaining 
chlorine, which, if left, might rot the material. A typical anti-chlor is sodium 


thiosulphate (‘hypo’), which reacts with chlorine: 


5,0,7- (ad) + 4Cl;(g) + SH,O(1) — 280,?-(aq) + 8CI-(aq) + 10H* (aq) 
hans LL  ———— 


Experiment 117 


Attempted bleaching with dry chlorine 


Pour about 20 cm? of concentrated sulphuric 
acid into a gas-jar of the gas as soon as it is 
collected. After a time suspend a piece of dry 
coloured cloth into the. gas-jar. At the same 
time puta piece of damp coloured cloth into à 


gas-jar of chlorine; the latter is immediately 
bleached, whereas the former remains un- 
attacked. (If the chlorine and cloth are perfectly 
dry, tho cloth remains unbleached indefinitely.) 


re eS SÉMSOL cniin u 


From the equation above, 


it is seen that water is necessary for the formation 


of hypochlorous acid, the compound which liberates the oxygen and which 


performs the bleaching. Hei 


nce, if no water is present no bleaching can occur. 


Test for chlorine. Chlorine is a greenish- 
damp litmus paper. Since the gas is acidic, 


yellow gas which rapidly bleaches 
if damp blue litmus paper is used 


8 red colour is often seen before it is bleached. 


The formation of hydrogen chloride from chlorine 


In many of the reactions of chlorine with oth 
is produced. The following experiments iliu 


oblevina mill c. 


TUIS ee Er ay | 
weaviiuv mes VOLivilic Witu ityarugen, even w. 


compound. 


er substances, hydrogen chloride 
strate the readiness with which 
hen ine hydrogen is present ina 


—Ó——— E a 


Experiment 118 


Effect of sunlight on chlorine water 


Pass chlorine gas into water in a beaker for some 
time until the water becomes quite yellowish- 
green in colour. Fill a long tube withthis chlorine 
water, invert itin a beaker containing some ofthe 
water and expose to bright sunlight (Figure 
157). After some time, a gas collects in the tube 
and on applying 3-glowing-splint, the latter is 


rekindled: showing the gas to be de 
2Ch(g) + 2H,0(1) —* 4HCl(aq) + 02(9) 


The chlorine has combined with the hydrogen of 


the water to form hydrogen chloride and oxygen 
is liberated. P 


Figure 157 
ec re ÁA"€— UUUUAnD AIAuiID——ÁÁ HÀ 


Experiment 119 
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The above reaction probably occurs in two 
stages, as indicated by the equations: 
H3O(l) + Ch(g) —> 

water chlorine 

HOCWag; + HCl(aq) 
hypochlorous hydrochloric 
acid acid 

2HOCl(aq) —- 2HCi(aq* 


(instantaneous) 


alg) (slow) 
- ygen 


Reaction between chlorine and warm turpentine 


Care should be taken in carrying out this 
experiment. 

Warm a little turpentino in à dish, dip into it a 
filter paper, and then drop this into a gas-jar of 
chlorine. Thore is a red flash accompanied by a 
violent action whilst a black cloud of solid 
particles of carbon is also formed. Hydrogen 
chloride can be shown to be present by blowing 
the furnes from an ammonia bottle across the 


Experiment 120 


Effact of chlorine on a burning taper 


Lower a burning taper into 8 gas-jar of chlorine. 
It burns with a small, red, and sooty tiame. Wax 
Consists mainly of hydrocarbons and, as with the 


Experiment 127 


top of the jar, when dense white fumes of 
ammonium chloride are observed. 
NH;(g) + HCl(g) —> NH4” CI- (S) 

Turpentine (a hydrocarbon) consists of hydro- 
gen and carbon combined together. The chlorine 
combines with the hydrogen and leaves the 
black carbon behind. 
CioHse(D) 3-.8Cl(g) —> 10C(5)-- 16HCHg) 


ee 


turpentine, the hydrogen forms hydrogen 
chloride and leaves the carbon. 


d hydrogen suiphide 


Reaction between chlorine an 
h chlorine js reduced to its. 


Invert a gas-jar of hydrogen sulphide over à gas- 
jar of chlorine and remove the plates. You will 
Observe a yellow precipitate of sulphur, and 
hydrogen chloride will be formed. 
HiS(g) + Ch(g) —> 2HCKg) + 
hydrogen ^ chlorine hydrogen 
Sulphide chloride 


S(s) 
sulphur 


reduction, in whic 
ions by electron gain and the sulphide ion 
(from H2S) is oxidized to sulphur by electron 
loss. Chierine is the. oxidizing agent, hydrogen 
sulphide the reducing agent. 
HIS = 2H* + S'- 
gi- —> S + 2e- 
Cl, + 2e- —> 2cl- 


(oxidation) 
(reduction) 


Thiscanalsobe regarded as a cas? of oxidation — 
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The above experiments illustrate the affinity which chlorine has for hydrogen, 
and it is to be expected that hydrogen gas itself would react very readily with 
chlorine. This is found to be the case in practice, and the readiness with which 
hydrogen and chlorine combine together is so great that, if a tube containing 
equal volumes of chlorine and hydrogen is exposed to sunlight, it explodes. In 
the absence of sunlight it is possible to bura hydrogen in chlorine by lowering a 
jet of burning hydrogen (from a cylinder, or laboratory-source) into a gas-jac 
fuil of chlorine. The hydrogen continues to burn with a white flame and clouds 
of steamy fumes of hydrogen chloride are seen, whilst the yellowish-green 
colour of the chlorine gradually disappears. 


H; + Cl, —> 2HC! 
hydrogen chlorine hydrogen 
chloride 


Both of these experiments between hydrogen and chlorine are dangerous, and 
Should not be attempted by the student in the laboratory. 


Reaction between chlorine and other elements 


Chlorine is a very reactive element and will combine with most other elements 
to form chlorides, In many cases chlorine will combine with elements spon- 
taneously, i.e., without applying a flame or in an 


y Way inducing the reaction to 
take place, s 
Experiment 122 


Action of chlorine on phosphorus 
L a pe Ai 


Lower a piece of dry yellow phosphorus into a 


Pa(s) + 6Cl; (g) —> 4PCI 
gas-jar of chlorine. It burns spontaneously, ilo) meen AUI 
giving off white fumes of chlorides of phos- chloride 
horus, d 
Es Pale) + 10Cla(9) — 4PC (0) 
phosphorus(V) 


chloride 
Experiment 123 


Action of chlorine on copper 


Drop a piece of Dutch metal (a v, 


ety thin sheet Cu(s) + Cl;(g) —> Cucls(s) 


it 
ns Spontaneously pii, 
rm Copper(ti) chloride 


Zn(s) + Cla(g) —> ZnCl (s) 
zinc 


chloride 
Experiment 124 


Action of chlorine on iron 


7 a 
Place a coil of iron wire in the hard glass tube and the reaction continues without application 
in the apparatus shown in Figure 158 and pass a of the flame, black crystals of ferric chloride; oF 
Stream of pure dry chlorine over it. On heating iron(II) chloride, collecting in the small batt! " 
the wire by means of a burner, the wire glows— which acts as 8 condenser. 
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anhydrous 
icum — 


condensation 
Tron (ill) chloride here 


chloride 
Es Figure 158 
2Fe(s) + 3Cl(g) —> 2FeCls(s) indication that chlorine is an oxidizing agont. 
tron stilorine iron(Ill) The black crystals of enhydrous iron(ill) 
chloride chloride should be removed and placed in a 


Note that the /ron(///) salt is formed — an desiccator, as they are very deliquescent. 


Chlorine as an oxidizing agent 
In its oxidizing behaviour, chlorine; like other oxidizing agents, acts as an 
acceptor of electrons. It is converted to chlorine ions, as: 
, Cl, + 2e7 — 2017 
The electrons for this purpose are supplied by the reducing agents with which 
the chlorine is reacting. In the two cases given below, these are; 
(a) The iron(II) ion, which is oxidized to the iron(III) ion by electron loss, 
Fet—e-—Feét  _ 3 
(b) The sulphite ion, which, in association with water, is oxidized to the 
sulphate ion, 
SO;?-(ag) + H20( — 2e —> SO;?-(ag) + 2H*(ag) ' 
also with electron loss. i 
Experiment 125 } es 


Bubble a stream of chlorine through a solution hydroxide, showing that the iron(I) chloride has 


of iron(Il) chloride (which is pale green in been oxidized to iron (lli) chloride. 
colour). The colcr changes to yellow, and on 2FeCl, (ag) + Cls(g) —> 2FeCls (aq) 
a li solution there is or 2Fe**(aq) + chlo) > 


adding a little caustic alkal 
obtained a reddish- brown precipitate of iron (III) 2Fe?* (aq) + 2Cl" (aq) / 
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ction of chlorine on sulphurous acid 


A solution of sulphurous acid is first generated 
by passing sulphur dioxide gas slowly into a 
beaker half full of water, in a fume-cupboard (or 
well-ventilated area). On bubbling chlorine 
into the solution of sulphurous acid in water for 
a few minutes, dilute sulphuric acid is ob- 
talned, 
2H,0(I) ^ SO;(g) + Cla(9) — 
H2S0,(aq) + 2HCl(aq) 

or H20(!) + SO;(g) = 

HS03(aq) = 2H*(aq) + S05?- (aq) 


S03*- (aq) + H20(1) + Cl; (g)—- 

SO4?- (aq) + 2H* (aq) + 2Cl- (aq) 
The presence of the sulphuric acid can be shown 
by testing with dilute hydrochloric acid and 
barium chloride before and after the experiment. 
A white precipitate of barium sulphate is 
obtained. [M.8. The sulphurous acid solution 
must be fresh, otherwise it will contain a certain 


amount of sulphuric acid due to atmospheric 
oxidation.] 


Action of chlorine on the caustic alkalis 


On the cold dilute aqueous solution. Chlorine is absorbed by a solution in 


water of sodium hydroxide or potassium hydroxide, 
solution of the hypochlorite and chloride of the metal. 


forming a pale yellow 


Ch(g) + 2NaOH(aq) — NaOCl(aq) + NaCi(aq) + H200 
CL;(g) + 2KOH(2q) — KOCl(ag) + KCl(ag) + H00 
or Cl(g) + 20H-(aq) — OCI-(ag) + Cl-(ag) + H,O(1) 


On the hot concentrated aqueous solution. If chlorine is passed into a hot 
concentrated solution of potassium hydroxide for some time, a mixture of 


potassium chloride and 
Obtained by crystallizin; 
Separate first. (These cai 


potassium chlorate is formed, and the latter can be 
E the mixture when crystals of potassium chlorate 
n be purified by recrystallization.) 


6KOH(aq) + 3Ci,(2) > KCIO;(ag) + 5KCl(ag) -+ 3H,O() 


tassium 

Eodroxide 

or 
A similar action is observed if ho 
milk of lime is substituted for th 


Notice that in the above acti 
water. 


Bleaching powder 


If chlorine is passed for a considerabl 
bleaching powder, formerly used as 


chlorine. Now, however, 


potassium 
chlorate 


OH" (ag) + 3Cl;(g) — CIO; (ag) + SCI- (aq) + 34,00) 


t concentrated sodium hydroxide solution or 
€ potassium hydroxide solution. 
ons the alkalis are dissolved (or suspended) in 


potassium 
chloride 


le time over solid slaked lime the product is 


an easily transported substitute for free 


) liquid chlorine is regularly transported in bulk and 
bleaching powder is less i 


slaked lime into it. The colour 
product may be used to absorb 
absorption is complete. 


and shakin, 


Important. It is prepared in the laboratory by taking à 

B a spatula-measure of freshly prepared 
of the chlorine disappears immediately. The 
the chlorine from several more gas-jars before 


CHORI) + Cale —> ‘CaOCh uuo) 


hydroxide 


powder 
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In the manufacture of bleaching powder, slaked lime is moved forward by 
Archimedean screws through a series of pipes against a counter-current of 
chlorine until the requisite mass of chlorine has beer absorbed. The solid is 
removed and packed. 

It contains about 36% of available chlorine, i.e, chlorine which can be re- 
moved by dilute acids and even by the carbonic acid of the atmosphere. Hence 
bleaching powder usually smells of chlorine and deteriorates if in contact with 
air. It has an extensive use in dye works, and in laundries, 


CaOCl,(s) + CO;(g) — CaCO;(s) + Cle) 
bleaching carbon chlorine 
powder dioxide 


Chlorine in chemical industry 


(a) Chlorine is extensively used as a bleaching agent and in the manufacture 
of bleaching agents and domestic antiseptic solutions such as sodium hypo- 
chlorite, It is also used in the manufacture of chlorates, used, for example, as 
weed-killers, and in the manufacture of hydrogen chloride. Hydrogen chloride 
is used in the production of PVC (page 341). 

(b) Many organic chemicals are manufactured with the help of chiorine, e.g., 
tetrachloromethane CCl,, 1,1,2-trichloroethene C;HCls, chloral CCl,.CHO, 
and many others. These compounds are useful as degreasing agents, dry- 
cleaning fluids, and as sources for other products, e.g., chloral for DDT. 

(c) Chlorine is used to sterilize water for domestic and industrial use and 
for swimming-baths. 

Chlorine occurs as an important by-product of electrolytic. cells which pro- 
duce sodium hydroxide from the raw material, sodium chloride. For this, see 
pose = The products appear in the mass proportion of NaOH: Cl, ie., 

13315. 

In the older Deacon's Process, hydrogen chloride (produced from sodium 
chloride and concentrated sulphuric acid) was oxidized by air to chlorine at 
about 450°C in the presence of the catalyst, copper(I) chloride CuCl, dis- 
tributed on broken brick to increase the available surface. 


4HC\(g) + 02(g) — 2H,0(g) + 2Cl.(8) 


Bromine 


i i i the 
Bromine was discovered by Balard in 1826. He passed c'uorine through 

mother liquor obtained after crystallizing common sal’ from sea-water. The 
liquor turned red and from it he was able to isolate b mine and to show that 


it was an element. 
Liebig, some years previo j 
to examine it, but thinking that it was merely à 
ine, he did not pay it much attention. . r " 
It occurs chiefly as the bromides of potassium, sodium, and Ple 
usually in association with larger proportions of the chlorides of those 


N 5 : ides, a liquid 
Since the bromides are much more soluble in water than iie e 5 M iy. 


rich in bromides is left by crystallizirg out the chlorides. n i 
the mother liquors Bane the Stassfurt deposits in Germany (which m 
mainly of carnallite, KCI.MgCl,.6H20), after the rernoval of a large ae n 
of the potassium chloride, contain about 4% of bromide and the bromine 1s 


a a 


usly, had received the „ck red liquid with a request 
eompound of iodine and chlor- 
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obtained by allowing this solution to come into contact with chlorine, which 
displaces the bromiae: 


MgBr;(ag) + Cla(g) — MgCl.(aq) + Br;(aq) 
magnnm bromine 
romi 


Laboratory preparation of bromine 


Bromine can be prepared in a way exactly analogous to one of the methods for 
making chlorine. An intimate mixture of potassium bromide and manganese(IV) 
oxide is placed in a retort (Figure 159); concentrated sulphuric acid is added 


Figure 159 


and the mixture warmed. A red gas is given off (together with some misty fumes 
of hydrogen bromide) which 


! | condenses to a red liquid in the cooled receiver. 
"This is bromine. 


2Br~(aq) + MnO,(s) + 4H*(aq) —> Mn?* (aq) + 2H;0() + Br,(g) 


Properties of bromine 

Physical E 
(1) It is a heavy (density = 3.2 g cm") red, volatile liquid (boiling point 

59 °C), 

(2) It has a choking, irritating smell. (Its name means ‘a stench’.) The liquid 

causes sores on the flesh, which heal with difficulty. 


(3) It is slightly soluble in water, forming a red solution containing about 3% 
of bromine at ordinary temperatures. 
As a bleaching agent \ 
Bromine is a bleaching agent, not so rapid as chlorine. A piece of damp litmus 
paper is bleached when placed in the vapour of bromine. 
With hydrogen 


Bromine combines with hydrogen, but not as readily as does chlorine. A mixture 
of chlorine and hydrogen will explode when merely exposed to sunlight, but a 
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saxture of bromine and hydrogen needs the application of heat to ind 
combination, and the compound formed (hydrogen bromide) is not as stablegs 
hydrogen chloride. 


-H;(g) + Br2(g) — 2HBr(g) 


Reaction between bromine and other elements 


Bromine combines readily with most metals and non-metals to form bromides, 
for example, copper, iron, sodium, sulphur. It explodes when mixed with yeliow 
phosphorus, so vigorous is the action. Phosphorus tribromide is made by 
gradually adding a solution of bromine in carbon tetrachloride to red phos- 
phorus. The solution is used in order to moderate the action. 


As an oxidizing agent 

Bromine is an oxidizing agent, Br; + 2e~ —2Br^, but not quite as vigorcus 
as chlorine. It will perform the majority of the oxidations attributed to chlorine. 
Thus, on shaking an acidified solution of iron(II) sulphate with a few drops of 
bromine in a test-tube, the bromine colour soon disappears and the iron(II) 
sulphate has been converted into iron(II) sulphate. 


2Fe?* (aq) + Br2(g) —> 2Fe**(aq) -+ 2Br~(aq) 


Action on the alkalis 


The action of bromine on an alkaline solution is exactly analogous to that of 


chlorine, Thus: 
Cold potassium hydroxide solution 


2KOH(aq) + Brlg) — KBr(aq) + KBrO(aq) + H200) 
Itassium potassium 
mide ^ hypobromite 


Hot potassium hydroxide solution 
6KOH(ag) + 3Br2(g) — 5KBr(ag) + KBrO,(aq) + 3H;0() 
po! 


tassium 
bromate 


In all these reactions bromine displays a great similarity to chlorine, but 


differs from it principally by its lower reactivity. 


lodine 


Roa the ash obtained by burning seaweed (kelp). The ash contains a small 
percentage of iodides and the concentrated sulphuric acid formed hydrogen 
jodide and oxidized it to iodine. Gay-Lussac and Davy investigated the pro- 
perties of the black solid, which was called iodine by Gay-Lussac. 

Most of the iodine used today occurs as calcium iodate Ca(IO3);, in the 
sodium nitrate deposits in Chile. The amount is very small (about 0.1%) but 
after the removal of the sodium nitrate by crystallization the proportion is 
much-higher in the residues. The iodine is obtained by treatment with sodium 


he Arogensniphite. 
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Laboratory preparation of iodine 


Experiment 727 


Preparation of iodine from potassium iodide | | 


Grind together some potassium iodide and 
manganese(IV) oxide in a mortar and place the 
mixture in a dish. Add concentrated sulphuric 
acid and place an inverted funne! over the dish 
as shown in Figure 160. Warm the mixture 


Figure 160 


Properties of iodine 


(i) It is a black shiny solid. Density 4.9 g cm7?. 

(ii) Tt sublimes when heated rapidly, forming a violet vapour from which thé 
black solid can again be obtained by cooling. k 

(iii) It is almost insoluble in water but readily soluble in potassivm iodide 
solution. This is due to the formation of a compound of potassium iodide an 
iodine, KIs, which readily dissolves. This solution is brown. It also dissolves i 
ethanol and ether, forming brown solutions, and in carbon disulphide and 
trichloromethane, forming violet solutions. 


Iodine does not bleach, and has little affinity for hydrogen. The effect of À 
heating hydrogen iodide is to decompose the compound into its elements. 

Iodine is a fairly active element and will combine with many metals to for? 
iodides, but it does so much less readily than either chlorine or bromine. - 

Jodine is a mild oxidizing agent. It will not perform many of the ordinary 
oxidizing actions attributed to chlorine and bromine, It will, however, OX! 
hydrogen sulphide to form hydrogen iodide and liberate sulphur. 


carefully and the violet vapour of iodine will be 
seen to condense on the cooler parts of the 
funnel to black shining plates. The chemistry of, 

the action is similar to the formation of eno 

from common salt. The hydrogen iodide` is. 
however, much more easily oxidized than even 
hydrogen bromide. 


MnOs(s) + 21- (aq) + 4H* (aq) —- 
Mn?* (ag) -+ 2H20(1) + l;(9) 


H,S(g) + L(g) > 2HI(g) + S(s) 


The aciion of iodine with alkalis is similar to the reactions of chlorine 2 
bromine with alkalis. Hypoiodites, iodides, and iodates are produce 


370). 


nd 
(page 
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pe——— OO 


Experiment 128 


Action of iodine with starch solution 


Place a 400 cm? beaker full-of water on a tripod 
and gauze and heat to boiling. Make a paste of a 
small amount of starch (about 1 g) and a little 
water, and pour this into the boiling water and 
stir. Allow to cool, or if the starch paste is 
required immediately, pour some of the paste 
into a boiling-tube and cool under the tap. 


tion of iodine (the test is sensitive to one part in 
one million) and immediately you will observe 
a blue coloration. Warm the mixture and the 
blue colour wil! disappear, but will return on 
cooling. 

This test is given only by fres iodine and 
isnot given by, say, asolutionof potassium 
iodide in water. 


Add the smallest possible quantity of a solu- 
LL —————— eS 


Uses of iodine 


The antiseptic properties of iodine, due to its oxidizing nature, have been used 
in the treatment of small cuts. It is inadvisable to use it on larger wounds, 
"because some people react violently to contact with it, with occasionally fatal 
results. It is sold as ‘tincture of iodine’ — a dilute solution of iodine in alcohol. 
It is used as iodine and iodides in medicine to treat cases of goitre, a disease 
which is sometimes due to 2 deficiency of iodine intake into the body. Small 
amounts of iodine have in fact been shown to be essential to the human body 
and all other forms of vertebrate life. 


Summary comparison of the halogen elemente 


It has already been noted that the halogen elements show very marked similarity 
in chemical properties (page 97). This arises because each of the elements has 
a similar outer shell electronic structure; each element has seven electrons i 


the outermost shell. 


n 
ea 287 
Br 2,8187 


I 2, 8, 18, 18,7 


They are all univalent, forming an ion by gain of one electron per atom. This 
completes the external octet. 


X,--2e- —> 2X7, where X is Cl, Br, or I 


Being electron acceptors, they are all non-metals and oxidizing agents; fluorine 
is the most powerful oxidizing agent and iodine the least. Typical oxidations 


are: 
JFe^* + Cl, — 2Fe** 4 2017 (iron(II) ion to iron(1I) ion) 
S + Br, — S + 2Br~ (H,S to sulphur) 


^*^ 
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Because of their very marked oxidizing action, chlorine and bromine are 


common bleaching agents; iodine is not. 


In the order: Cl — Br — I 


the ion of the other halogen, 


» each halogen displaces an element to the right 
of it from simple salts. To do this, the 


More powerful oxidizing agent oxidizes 


80 liberating the element. 


Cl;(g) + 2Br-(ag) — 2CI-(aq) + Br,(1) 
Bra) + 21- (aq) — 2Br-(aq) + Ls) 


Experiment 729 


Displacement reactions of the halogens 
aa ee SIM, Eo, p 


(a) Chlorine 


Displacement of bromine. Bubble chlorine 
into a solution of potassium bromide in water. 
The clear solution immediately turns red (due to 
formation of bromine water) and finally a drop 
of a red liquid (bromine) is observed at the 
bottom of the boiling-tube. 


2KBr(aq) + Cl; — 2KCl(aq) + Br;(l) 

Displacement of iodine. The above experiment 
is repeated with potassium iodide solution. 
The clear solution turns to the characteristic 
dark brown ‘iodine’ colour and finally a black 
solid "(iodine) is deposited. On warming the 
‘solution the characteristic violet vapour of io- 
dine is seen. 


from them, and chiorine is reduced toits ions by: 
electron gain. 


28r (or 21-) + Cla — Bry (or 1) 4 2617 
(b) Bromine 


Bromine can aisplace iodine from iodides but 
cannot displace chlorine from chlorides. Thus 
on adding a few drops of bromine to a solution 
of potassium iodide in water, the characteristic 
brown colour of the solution of iodine in 
Potassium iodide is seen. On boiling the solution 
the violet vapour of iodine may be observed. 


2Kl(aq) + Br.(I) —* 2KBr(aq) + l;(3G) 
or 21- (aq) + Br,(I) —> 2Br- (aq) -+ !;(aq) 


(c) /odine 


lodine cannot displace chlorine or bromine from 
chlorides or bromides, 


2Kl(aq) + Cl; (g) — 2KCl(aq) + 12(g) 


In these two reactions, chlorine oxidizes the 
ions, Br- and I>, by attracting the electrons 


mee e EAA A. 
All three halogens behave in a similar way with aqueous caustic alkali solution» 
Cold dilute: X; + 20H- — X- + XO- + H,O 
Hot conc.: 3X, + 60H- — 5X- + XO,- + 3H;0 


where X is Cl, Br, or 1. For names of products, see page 370. 


The silver salts of the thr 


water and in dilute nitric acid, In the order given, 
\ colour: white — pale yellow —> yellow, 
j monia: very soluble —> slightly soluble 


ee halogens, AgCI, AgBr, Agl, are all insoluble in 


: The gases show a gradation of stability» 

being stable up to 1500 °C, 800 °C, and 
Chlorine can exhibit a covalency of seven, 
outer shell, forming the acidic oxide CL;O;. 
this maximum valency towards oxygen; i 
but bromine forms no stable oxide, f 
Fluorine differs from the other halogens in that the number of electrons in i9 
exceed dH Hote nn S at ee 


outer chell can n Fan n anent 


It is the most electronegative element known, 
number is always —1 (see page 173). 


Questions 
il ie 
in Describe the essential chemistry involved 
Given manufacture of chlorine from brine. 
E calcium carbonate, potassium per- 
haute, sodium chloride, concentrat 

lo EE acid and water, outline how you 
der, P I*Pare a sample of bleaching pow- 
powan bat would you see when bleaching 
tion er is added to: (a) purple litmus solu- 
(S (b) concentrated hydrochloric acid? 


2. Whe à 
i n dry chlorine is passed through hot 
sles Wool in a EREN tube, the iron 
dpe onely and black orystals ns 
@wilted in the cooler parts of the tube. 
$ SS5 5 te. an. ecu 

members, of the halogen fi 
chlorine. (iii) State whether each of the 
halogens named in (ii) would react with iron 
more vigorously or less vigorously than 
would chlorine. - si 

Describe the reaction of chlorine with 
hydrogen under any one stated set of con- 
ditions. Compare the vigour of the reaction 
of hydrogen with chlorine with that of the 
reactions of hydrogen with the other halo- 
gens you have named. Name two halogens 
Which react with potassium bromide solu- 
tion. Write an equation for one of the 
reactions which occur. (J.M.B.) 
3. How would you prepare and collect 
chlorine? Describe what you would observe 
and say what is formed when (i) a lighted 
taper or candle is placed in a jar of chlorine; 
(ii) dry chlorine is passed over heated iron 
wire; (iii) a solution of chlorine in water is 
left in sunlight. (C.) 
4. Describe a method of manufacturing 
chlorine by an electrolytic process. Name the 
electrolyte and give the name, sign, and 
material of each electrode. Name also the 
products of the electrolysis and write ionic 
equations for the reactions occurring at the 
electrodes. 
. When dry hydrogen burns at a jet in a gas- 
jar of dry chlorine the following changes are 
observed: the colour of the chlorine dis- 
appears and a gas is formed which fumes in 
moist air and turns moist blue litmus red. 
Explain these observations. 

Give the name and the structural formula 
for the product formed when one g-molecule 


en chloride reacts with one 
(mole) of Pets a scales / feno 


"p 
om brine, Indicate the © 
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and in combination its oxidation 


rity of each electrode, and write the 
poe EY nation for the reaction at each 
electrode. Details of the industrial plant are 
not required. What other important sub- 
stances are formed in this process? Using 
only the products of this process, what other 
two commercially important compounds can 
be made? Name each compound and write 
an equation for its formation. Give one use 
for each of the two products that you have 


named. (J.M.BJ 
'orine is liberated when a concentrated 
E of hydrogen chloride is oxidized. 
ts which will bring about 
and write an equation for the 
e of them with concentrated 


Name the products a d 
for the reactions of chloride with ten 
ao 3 'drocarbon, (iii) an aqueous solution 

A sulpi ur dioxide, (iv) an aqueous solution 
of potassium iodide. Explain why you would 
classify chlorine as an oxidizing agent, 
selecting one of these reactions to illustrate. 
your argument. 

‘Name two elements which are (together 
with chlorine) members of Group 7 of the 
Periodic Table, and mention one physical or 
chemical property in which lead chloride and 
lead iodide resemble each other and one in 
which they differ. (O.) 


7. Sea-water contains about 2.5% by mass 
of sodium chloride and traces of potassium 
bromide. Suggest practical methods for 
obtaining from sea-water: (a) a sample of 
chlorine, (b) reasonably pure sodium chlor- 
ide, (c) water, free from sodium and potas- 
sium ions. (O. and C.) 


8. This is a question about the element 
fluorine, symbol F, It is a member of the 
halogén family, and is more reactive than 
chlorine. You will not be familiar with the 
chemistry of fluorine, but you should be able 
to predict some of its important properties 
from what you know about the properties 
of the other halogens. 

(a) What physical properties would you 
expect fluorine to have? 

(b) How would you expect fluorine to 
occur in nature? 

(c) Suggest a method which might be used 
to obtain fluorine as the free element. 3 

(d) What would you expect to see if 
fluorine was with aqueous solutions 
cf potassium chloride, potassium bromide, 
and potassium iodide? Write an equation 
for any one of these reactions. 
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(e) How. would you expect fluorine to 
react with water? Predict the approximate 
pH of the resulting liquid. 

(f) How would you expect fluorine to 
react with hydrogen? Name the product of 
um Mem and write an COUPE for its 
formation. What properties would you expect 
this product to have? ei 7 t 

(g) Fluorine:reacts»with sodium to form 
fluoride; What properties would you. expect 
this compound to haye? (L) "m 


9, The halogens hays the following atomic 


ets: fluorine 9, chlorine 17, bromine 253 


iodine 53. x : : 

s(a) Give the electronic configuration for 
() an atom of fluorine, (i) an atomi of 
chlorine. ane 


Hb) How, many. valency. electrons. bas: an.; 


iodine atom? Sorby } 
ic), Write down. the names. of the four. 


halogens and after each.state whether it is a, 


solid, aliquid, or a: gas under 


ordi 
EEUU conditions, 5 


180 °C it decomposes to 0.254 g of iodine and 
1.336 g of oxide B. When B is heated to 
300 °C it decomposes to iodine and oxygen; 
0.668 g of B gives 0.508 g of iodine. Find the 
formulae of 4 and of B and write the equation 
for the reaction which occurs when A’ is 
héated to} 180 *C; i 
(d). What.would you expect tc happen if a 
solution:of silver nitrate.is added to one of. 
sodium iodide? (L.) 
11. The-halogens:have the following boiling 
points: ^ fluorine ^ (--188 °C), chlorine 
(=34°G)> bromine -( 4-59 °C); and: iodine 


^ (184 °C); The- heats ‘of dissociation of the 


moleculés are: 
F;—-2F AH = +158 kJ mol"! 
1o Cla 201... AH =, 4242 kJ molz* 
Bran» By AH -— +193 ki mol! 
sa la—R2E AH = +151,k} mol: 
State: how the: stabilities, of: the ; halogen. 
molecules «vary!At 11700 C. one halogen: 


» enly is-completely dissociated’ into. atoms- 
Name this cli 


10. Iodine is a solid element which resembles 
chlorine in chemical properties and in’ the 
formulae ‘of corresponding compounds, 
though it is less electronegative than chlorine 
(ie. ‘lesg reactive"). 

(a) Write down the formulse of hydriodic 
acid, potassium iodate, calcium iodide, and 
Potassium iodide, 

(6) Chlorine gas.is bubbled through an 
aqueous Solution of sodium iodide in one 
test-tube; ii another iodine is shaken with an 
aqueous solution of sodium ‘chloride. De- 
scribe what you would expect to observe in 
each test-iuhe and write equations for any 
reactions you think might occur. - Di 

(c) Iodine forms two oxides, Æ and'B. 
When 1.590 g of the oxide 4 is heated to 


with 
Gi) TP ung iodide, (til) hydrogen sulphi 


41 Compounds of the : 
Halogens wan 


The principal compounds tobe considered in this: chapter are the hydrogen 
halides (of, general formula HX, where X.— Cl, Br, or Dand the ionic halides 
(of general formula MX,, where M is usually a metallic ion). 


The. Hydrogen Halides. : | 7m an 


Hydrogen Chloride... | 


The gas is usually called hydrogen chloride, or hydrochloric zd gas, i] 
the solution of the gas in water (which when saturated contains about 36% by 
mass of the gas) is termed hydrochloric acid. 


Laboratory preparation of hydrogen chloride 


Experiment 130 
Proparation of hydrogen chloride from common sait 
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Common salt (sodium chloride) is placed in a 
flask fitted with a dropping funnel and delivery- 
tube, and concentrated sulphuric acid is added 
(Figure 161). There is effervescence. and misty 
fumes are observed. The gas is passed through 
a wash-bottle containing concentrated sul- 
phuric acid to dry it, and collected as shown by 


downward delivery, the gas being denser than 
air. 
H2S0.(I) + NaCl(s) — 

NaHSO,(s) + HCi(g) 
or H;80, + Cl- —> 

HSO,- + HCl 


The reaction proceeds in the cold, although a further yield of the gas was ob- 
tained in the industrial process by heating to a red heat. The sulphate is not 
obtainable under laboratory conditions. Notice that here is another case of à 
volatile acid (HCI) being driven off by a comparatively involatile acid. 


NaCl(s) + NaHSO,(s) — Na,SO,(s) + HCl(g) 
sodium sodium sodi 


chloride hydrogen- 
sulphate 


ium hydrogen 


sulphate chloride 


(The above indicates clearly the acid nature of sodium hydrogensulpnate.) 
A solution of the gas in water can be made by means of the funnel arrange- 
ment as in Figure 162. This solution is hydrochloric acid, If the gas is passed 


Figure 162 


into water until no mo; 


lorc aad ani conais os is absorbed, the product is concentrated hydro- 


the beaker) and, Tuned tube is reached, 


be exposed; and 
as air enters) the wa 
Sesins again, Notice 


"rM back fro 


and might, i Jphuric 
dangerous, When he Ent if hot concentrated sulp 


en the inverted funnel is used, the water 
ble volume of it is required to fill tbe 
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rim only just immersed. An additional advantage is that the funnel offers a large 
water surface for absorption of the gas. This device is also useful when solutions 
of sulphur dioxide or ammonia are being prepared (page 408). 


Test for hydrogen chloride 
It is a clear gas (although in damp air it appears misty), acid to litmus, and 
produces a white precipitate of silver chloride in a drop of a solution of silver 
nitrate and nitric acid which is held on a glass rod in the gas. 

Ag*(aq) + Cl-(aq) — AgCl(s) 


It also produces dense white fumes in the presence of ammonia. 


Properties of hydrogen chloride 

It has a choking, irritating smell, and is an acid gas, which is very soluble in 
water. These latter two properties are neatly shown by the fountain experiment 
(Figure 180). In this case, blue litmus is placed in the trough and turns red in 
the flask, showing the acidity of hydrogen chloride in aqueous solution. 

The aqueous solution is known as hydrochloric acid, and being almost 
completely ionized in aqueous solution, this acid is very strong: 

HCI(g) + H200 = H,O+ (aq) + CI (aa) 
the position of equilibrium being far over to the right. The solution shows the 
usual acidic properties: 

( liberation of hydrogen with certain metals (Mg, Zn, Fe): 

Zn(s) + 2H*(aq) — Zn?*(aq) + Ha(9) 
(ii) neutralization of bases to form salts and water 
Na* OH-(aq) + H*Cl-(ag) > Na*Cl- (aq) + H00 
(iii) liberation of carbon dioxide from carbonates 
'2H*(ag) + CO;?-(ag) —> H200) + Co; 
In (i) notice, however, that hydrochloric acid does not react with copper, or with 
other metals below hydrogen in the reactivity series. 

If a concentrated hydrochloric acid solution is heated, hydrogen chloride 
escapes into the air. If a very dilute solution is heated, water is lost, making the 
acid more concentrated. In both cases a mixture is finally obtained containing 
20.24% of hydrochloric acid, which distils over unchanged at 760 mm mercury 
pressure. This is termed a ‘constant boiling mixture’. 

Since chlorine is the product of oxidation of hydrochloric acid (page 362), 
most oxidizing agents will liberate chlorine from it, and it may therefore not be 
used for the acidification of a solution of a reducing agent which is to be titrated 
against an oxidizing agent (for example, the titration of iron(II) in solution 
against potassium permanganate solution). 


Manufacture of hydrogen chloride 
For many years hydrogen chloride was manufactured exclusively by heating 
common salt with concentrated sulphuric acid. This was the first stage of the 
Leblanc process. 

2NaCi(s) + H,S0,@) — 2HCWe) -+ Na,SO4(9) 
‘The gas was absorbed in water to form hydrochloric acid. 


FEL rumpali eft to von 
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hydrogen with chlorine, which is obtained by electrolysis of brine (page 364). 
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ndis 
The bromine is vemoved by passing it through a Ustubegco be 
: smeared) yj apri ig Ta ls, in fact, 


LA f phi horus to the 
ting a Be afta of phosphorus to 
Bromine to REPT ERN A Ld ae dei o phosphorus to m 


similar in appearance to hydrogen chloride, is collected by displacement of air 
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as shown in Figure 163, the gas being; denser, than air. It can alse be dissolved 
in water to form hydrobromic | act idioat the apparatus shown on page 382. 

4P(s) + BnD > "dPBra(g) || 
phosphorus bromine — ors 


PBr3(g) + 2H,00) l2 Eom HRB) 


phosueress hy 


(Alternatively hydrogen bromitis tay be prepared ty resting potassium 
bromide sie canc. jeutpburic acid diluted with. half i its br lume of water.) 


hydrogen bromido s 
bromide turns damp blue timus paper Ha, and gives a pale yellow 
“precipitate of silver ‘bromide witha mixture of silver nitrate solution and nitric 
acid, The precipitate is only slightly soluble in aqueous ammonia, 


Ag\(an) - Br“ (aq) — AgBr(s) 


ti P wopertiok of hy#rdgen:bromidaiss 5 ion inbyd to no} AE As 


Jk figi i tN y Belit ite times 


Gi) It is very soluble in water, forming a strongly acid biia A aturated 
solution of Kyifrogeip rdiiide-conthihsjateut. 7076 by mass of hydrogen bro- 
mide at ordinary temperatures. 3 ‘ : 

iii) It is less stable than hydrogen chloride, Peng, mare Sasi deep inposed 


its elements.. 
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with arnmonia, 
„forms white 


ammonium iodiffe 


Figure 164 


I 
A solution of hydriodic acid can be more simply obtained by bubbling hydro- 
gen sulphide into a suspension of iodine in water. The end of t 
reached when all the iodine is seen to have disappeared. Th 
sulphur is filtered off. 


H5S(g) + L(ag) — 2Hl(aq) + S(s) 


he rqaction is 
= prycipitated 


Test for hydrogen iodide 


Add a little chlorine-water to a gas-jar of the gas, and pour a few drops of the 
liquid into starch paste. A blue colour is observed. "- 


Propertios of hydrogen iodide 
Hydrogen iodide is 


a fuming, chokin, S, very soluble in water, forming 
hydriodic acid. The E MU Z 


gas readily dissociates (reversibly) above 180 °C, 


à led potassium iodide solution, is a vigorous 
reducing agent (2I- — 2e- — 13). It is oxidi ith li i f iodine 
(brown) by exposure to ot and t3: is oxidized with liberation ol 

hydrogen peroxide 

H30;(aq) + 2I-(aq) + 2H*(ag) — 2 
4 —-2H I 

potassium permanganate NT aed 

2MnO,~ (aq) -+ 10I-(aq) +. 16H* (ag) — 2Mn** (ag) + 8H40() + 5I,(4g) 
The Halides 
It has already been seen ( 


Page 375) that the halogen ini 
Hi eds aed gens usually react by gaining 
videl n for each halogen atom, so completing the Outermost octct of 


à X; + 2e~ —> 2%- 
where X is F, Cl, Br, or $ 
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Thus, each halogen gives rise to a well-defined series of salts, usually by 
reaction with metallic elements from which the electron may be transferred. 
These salts are known as the halides, and since the most common element 
amongst the halogens is chlorine, it is the properties of the chlorides which 
will be examined in what follows, with brief comparisons for the bromides and 
iodides. 


Chlorides 
Preparation of metallic chlorides 
All metals are attacked by chlorine to form chlorides. The methods of prepara- 
tion are summarized below. 
The chlorides of these metals are made by the action of: 
the alkali (or oxide) or )K 
carbonate on dilute }Na 
hydrochloric acid. Ca* These metals are 
Mg* attacked by dilute 
the metal, oxide, or |Al* hydrochloric acid. 
carbonate on dilute (Zn* 


hydrochloric acid. Fe* All attacked by 
chlorine to form 
by double decomposi- }Pb a chloride. 
tion. 


i attacked by dilute 
rend esi hydrochloric acid. 


by double decomposi- } ike 


the oxide or carbonate le These metals not 


tion. 


N.B. Iron(III) chloride is made by the action of chlorine on the metal. 


* The chlorides of these metals are very deliquescent (sec page 226). The above is a list of 
common metals in the order of the reacting series. 


Characteristics of selected chlorides 
Aluminium chloride AICI, 
This is a pale yellow solid. Being readily hydrolysed by water, it fumes in damp 
air with evolution of hydrogen chloride. If required anhydrous, it must be pre- 
pared by heating aluminium foil in dry chlorine or dry hydrogen chloride. The 
apparatus is the same as for iron(II) chloride (page 369). 

2AXs) + 3Cla(g) — 2AICI;(s) 

2AKs) + 6HCl(g) — 2AICI;(s) + 3H;(g) 
"The anhydrous solid reacts rather violently with water. It forms the hydrate, 
AICI;.6H,0, and, with excess water, dissolves and hydrolyses considerably. 

AICIs(s) + 3H;0(l) = Al(OH);(s) + 3HCl(aq) 
On evaporation to dryness, the solution leaves hydroxide as residue. 
Ammonium chloride (sal-ammoniac) NH4CI He 
This compound has many uses, two of the chief being as a constituent of 
l electric battery, and as a flux in soldering. It may be prepared by 
boiling ammonium sulphate Solution with common salt. 
(NH,),SO,(aq) + 2NaCl(ag) = 2NH,Cl(ag) + Na2SO.@9) 


h ammonium chloride may be obtained from the filtrate asa white 
‘or the action ar heat anamiinoniung chloride 


Potassium chloride KCI 


This occurs as carnallite (KCI.MgC1,.611,0). Potassium chloride can be pre- 
potassium hydroxide’ cias 


"mg 


It forms white cubic crystals similar to those Uie chlo 
characteristic “ik 
Bunsen flame? 


él colour:of!à |potassitm cobipound to; the. pmi 
4S not Gefiqui t. tM 

onoldooibud E 10 bio stem sds 

Sodium chi oride NaCl | GAN 


S H sluiib no slaaodiso 
E] so pa 3as a rock salt, which i minédlas solid čr: Pinhiped but of the ground 
E) tiis prepared by similarimethods/to | those used for potassium chloride 
forms white cubic crystals. Iti impafts a characteristic’ 'góldensyellow colour 
to the Bunsen flamewhichis given by all sodium compounds, Pare common salt 
is not deliquesctpt rina of ordínai$?Ssit- i "due top inspurities, eg» 
magnesium chloride, whaich,is,deliquesclnt). ~oibyd sib no 
Sodium thloride is a very important che mical, As-hiaódiutri-tompound, it is 
converted Into caustic soda, washing sg bikiag soda, siddcsalteóake (sodium 
sulphate) and other less important s is compounds, It ipid to 'salt-out" 
-Jsónp. Ait aichloridé;ityialds hydrochloric acid and chlorine, Hie So aeg 


Yo wil s si agetit;and'insmanpfact wie; of, utions for home ù A Myell as inj 
fine chemical nony fao real ARB CONSE dev medio eo k es M | 
Sodium chloride crystallizes as a face-centred cube [cs see 2 page WO aa and Figure 


34). When heated the ionedibitied dolldelnstives virus jarigasinehgizet $7! S; 
the lattice collapses, ie., the salt. ege and me mobile, The fused 
amsb ni ely ee aa le pf Eo anode 
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W.v 
T : e On. cooling, sodium sulphate crystallizes first and may be removed by filtration, 
E 
7 


arg 9d 129 /6re £36 dorsen iaat 
SAT sbisolda asgozbyd wi2Nainitotes ca esa eee gua was c j 
io, Cb snae) shin : AW deu d 
The lattice arrangem nmt GL EE RITES “BY Ke refaction. A. 
del veas fec GYA of the compound and on to 
a photo paté vea “the plate shows a central spot, pro- 


gimbyt sdücediby peace d it, 
‘isn diet Barba! aeons else sae D adul 
i ‘chloride EAA = -(Do,ne + OJA 


This very "defiquaiost aal ola bE HEH OB iig és for eno gases (but 
not for ammonia, ERA n ule AS gous alee 
prepared, by eyapareting eon uses, sas is 
most easily prepara v pokes Pu a 


whas i 
md a little of the matol " Tete Mre hiie i 
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“Anhydrous iron(Iil) REA FCN. 3 
This is. made. by. the action. of. “iron” on x chlorine bp de method described on 
Page 363.0 iv on ` 

The auhydiz salt c: cannot be made by &tee(sporetion of sheeolatina| because 
the chloride `» attacked by water when a concentrated: solutionis cyaporated. 
Hg type of action is termed hydrolysis. 


‘On heating, tlie solittion!i in 

© the re verse-Ofneutralization T 
Tron(]HiT) chloride is a-blac in tb 

solution if concentrated, and a yellow solution if dilute: Tecan Beleduced by 

reducing agents (e.g., zinc and dilute hydrochloric acid) to iron(II) chloride, 


ZO+ 2Fe*(aa)* abi zntt (ig) oH 2Ee?*(20) 5552 


ino» doidur ni "9 


5 font us s 26 js " Sateen 

jroz iron chloride; a white. E "a ‘heat ap sre scone 

01 baila liatta ior diy dpdtoggn iones imi a b 
Fe(s) + 2HCK(g) EEC) rh (aj 

iron hydrogen 


ironi 


Mrtul-nom sds 


It forms a pale grecti'Sófution which givesswithalkaline solutions, a dirty green 
precipitate of ; 3ron(11) hydroxide-(as-will.any iron(1l) salt dissolved in water). 


aT ERED — atii) + HHO) 
chloride. — emeloeiJ —emuieesing hydroxide 
ionically: Corte paR at DOR (aq) — Fe(OH),(8) 


Lead(Il) chloride PbGhex esi) mma waned 
This is a white insoluble Substid cethade dues of a solution of any 
soluble Iead(II) salt 


law vd ut some 
915 gabi Ne 


iij bsrpiccl otia gs 
Niro Moy Vo svo) s Sem poner 


ñoride. 
ilute hydrochloric acid e add lead(II) nitrate 
2 bio Yo cizdoduiM (f) 3 


M i 
"lo eqorb p ENREGA. = Ed a little cold 
‘boii (Ty diloride sid ERN 53751192102 BRIE hot water. 


Silver Mi t *— ()ORM o2. ve 
This is a white figo compound made c byssddiie a sol OM GF any soluble 
solu! tion ¢ 


of any Sotttble chloride i= ia zbiotds 


"I^ Silver salt to a 

G2 a 

Shot ard E + Nailed) —> AgCIG) + SNO. (aa) 
^ Sande cfioride ain 


Jonically: Ag (a) + CF(ag—-AsC(9—— — — 
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The white solid is filtered off, washed two or three times with hot distilled water, 
and dried on a porous plate. (The whole action should be performed in the 
absence of light since silver chloride turns violet on exposure to light.) 

AN the silver halides, AgCl, AgBr, and Agl, emit electrons when exposed to 
light (a photoelectric effect) and are slowly reduced, turning violet, and, eventu- 
ally, black, The chief reduction product is metallic silver. 


Agt +e" —- Ag 


The halides show decreasing photoelectric activity in the order: AgBr —> 
AgCl —> Agl. This is why silver bromide is used as the principal silver com- 
pound suspended in the gelatine of a photographic plate. The other silver 
halides are less sensitive to the action of light. Silver chloride dissolves readily in 
ammonia solution, which distinguishes it from silver bromide and silver iodide, 
and therefore serves as one test for the chloride ion (see page 389). 


General properties of chlorides 


(1) Action with concentrated sulphuric acid. On being treated with concen- 
trated sulphuric acid, a chloride evolves hydrogen chloride, e.g., 


NaCl(s) + H2S04() — NaHSO,(s) + HCK(g) 


(2) Volatility. Chlorides are more volatile than most salts. This makes them 
suitable for use in the ‘flame-test’ in which certain metals can be detected by 
the colour their vapour imparts to the Bunsen flame. To perform the flame-test, 
the substance under consideration is moistened with concentrated hydrochloric 


acid and a nichrome or platinum wire is dipped into the mixture and applied to 
the non-luminous Bunsen flame. 


Metal chloride Calour 
SS SS 
Sodium Persistent golden yellaw 
(invisible through blue glass) 
Potassium Lilac flame 
(visible through blue glass) 
Lithium Carmine (rich red") 
Copper ` Green (blue zone) 


Calcium Red (brick red") 


(3) Hedrolysis of chlorides. Several chlorides are readily hydrolysed by wate? 
e.g., magnesium, zinc, and iron chlorides. If solutions of the chlorides 9/* 
Se a OCA ed nee acid es mide qf 

ction of concentrat. Iphuric acid on mixture of chloride oxidizing 
agent. Mix together a little common salt and an arta EE othet 
oxidizing agents would be suitable). Put this into a test-tube, add a few drops ^ 
concentrated sulphuric acid, and warm. A green gas, chlorine, is evolved. 


2NaCKs) -+ 2H,SO,(aq) + MnO;(s) — MnSO, 
chloride “anipun s mangans V) med ax 
acl 


ci.) 
Na,SO,(aq) + 2H,00) i 
sulphate 


A 
E 


T Compounds of tho Halogens 389 


Test for a soluble chloride 


Dissolve a suspectad chloride in distilled water and add a little nitric acid and 
then silver nitrate solution. If a chloride is present a white precipitate of silver 
chloride will be seen. 


Ag*(ag) + Cl-(ag) — AgCI(s) 


Divide the precipitate into two parts. Add dilute ammonium hydroxide tó one 
and observe that the precipitate dissolves. Allow the other to be exposed to the 
light for a few minutes. The precipitate will turn violet. 


Silver chloride is insoluble in nitric acid but soluble in ammonium hydroxide. 
The only two common insoluble chlorides are lead chloride and silver chloride. 


Bromides 


| The bromides are prepared, generally speaking, by the same methods as the 
chlorides and possess similar properties. They can readily be distinguished from 
the chlorides by the action of chlorine gas which has no effect on the chlorides 
but displaces bromine from bromides (see page 376 for experimental details). 


lodides 


Iodides are similar to chlorides and bromides but can be readily distinguished 
by the action of chlorine or bromine, which liberate iodine. 


2KI(aq) + Cl(g) — 2KCl(ag) + L(aq) 
Addition of silver nitrate in dilute nitric acid to an iodide solution precipitates 


silver iodide, a yellow salt which is insoluble in ammonia solution. 
Nal(ag) + AgNOs(aq) > Agl(s) + NaNO;(aq) 


Questions 


1. Give the formulae of the chlorides of the 
following elements and the physical state in 
which each compound exists at room tem- 
perature: (i) carbon, (ii) hydrogen, (iii) mag- 
nesium. 

Give an equation to show what change 
occurs when hydrogen chloride is added to 
water. (J.M.B.) 


2. You have been provided with a mixture 
of copper(II) oxide and common salt. How 
would you obtain from this (a) pure dry 
sodium chloride, (b) pure copper, and 
(c) chlorine gas? (L.) 


3. Hydrogen chloride can be prepared from 
sodium chloride and sulphuric acid. (a) State 
the conditions necessary to obtain a steady 
supply of the gas in the laboratory. (5) Give 
eon e reaction which occurs 
ese conditions. (c) How is the 
collected? (4) Give a S of the pidas 
EXE would use. (e) What precaution 
Di. you take when dissolving the gas in 
Water? (f) What reaction occurs when 


WE eS chloride molecules dissolve in 


Describe reactions (ome in each case) in 
which hydrochloric acid (i) is oxidized; 
(ii) reacts to form a gaseous compoun., 
(iii) reacts to give a precipitate of an in- 
soluble salt. (A.E.B.) 


4. When dilute hydrochloric acid is warmed 
with each of the following compounds, a gas 
is evoived. Name this gas and give a chemi 
test to establish its identity. (a) Sodium 
carbonate, (b) sodium sulphide, (c) sodium 
sulphate. (J.M.B.) 


5. Describe how yru would prepare reason- 
ably pure samp! of (a) lead(II) chloride 
given lead, cc -entrated nitric acid, an 
sodium ch!- ue, (b) anhydrous iron(ill) 
chloride gi à iron, concentrated sulphuric 
acid, sodium chloride, and mangan 
oxide. (Q. and C.) 


ine experiments by which you could 
ER hydrogen Chloride from chlorine, 
(b) chlorine from hydrogen chloride. Ex- 
lain the bleaching action of chlorine on à 
dye such as litmus. Describe what happeus 
in two reactions (other than bleaching) in 
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which chlorine and bromine’ behave simi- 
larly. Write tne equations for these re- 
actions. (S.) 


7. Given ammonium chloride, arid any other 
necessáry reagents, describe how you would. 
obtain from it (a) ammonia, (6) hydrogen 
chloride, (c) nitrogen, (d) chlorine. In each 
case th» necessary conditions for the re- 
action and the method of collection of the 
gas should be stated, but) diagrams, of the 
apparatus are not.required. (J.M.B.) _ 


8. Describe how you would obtain aisample 
of Hydrogen! chloride ngasi from. sodium 
chloride, You. should. give the name of the 


other chemical required and the equation for 
the reaction. No diagram is required. 

With. the aid of. a diagram, explain how 
you would obtain an aqueous solution of 
thisgas.5 Di 
cribe, giving an.equation in each; case, 
the reaction of hydrochloric acid with 
(i) silver nitrate solution, (ii) granulated zinc. 
(O. and C.) 

9. You are supplied with a solution of 
hydroxide, crystalline lead nitrate, 

iron filings, dilute hydrochloric acid, and a 

source of Shlorine, Dsscube how you would 

prepare samples oi drous, chlori 

of sodium, iron(II, and lead(ID). (O. and C.) 


ulphur 9° 


Occurrence 
Sulphur occurs? Peinas Tisi tlar 
1. In Louisiana and Texas, U.S.A., as free sulphur. 


2. In petroleum gases, e.g., at Lacq; as hydrogen sulphide. 


Extraction of sulphur | 


In America the deposits lie at a depth of about 160 m with deposits of limestone, 
clay, and sand between the ground level and the sulphur (Figure 165). It is not 
ee e + t 


g ‘Figure 18s" 


ecéssary to mine the Sulphur by sinking sháfts as in tlie case of coat, for sulphur 

iffers from coa! in having a fairly low melting point (115 °C): By utilizing this 

property the sulphur can be extracted, by a method invented by Frasch, Cheaply, 

rapidly, and in a-high state of purity... © s 0 i 

__A hole about 30 cm in diameter is bored down through the clay, sand, and 
stone to the sulphur beds: This boring is lined with an iron pipe and, 

sunk a device called the sulphur pump. It consists of three concentri 

tubes which terminate in a reservoir of larger diameter (see Figure 1 

the outermost of the three tubes is forced a stream of water at 

This water must be kept at a pressure of about 10 atm to m 

se horend 


liquid state, ie. it is super-heated wa 


ut 170 °C. 
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The molten sulphur flows into the reservoir at the base of the pump and is forced 
up to the surface through the second of the three tubes by means of a blast of hot 
compressed air at a pressure of about 15 atm, which is forced down the narrowest 
tube. The sulphur is run into large tanks, where it solidifies and can be separated 
from the water. Sulphur more than 99% pure is produced by this operation and 
a single pump may produce up to 500 tonnes of this high-grade sulphur daily. 


Figure 166 


Sulphur from petroleum gases 


At Lacq (S. France), gas associated with petroleum deposits contains mainly 
methane CH,, with carbon dioxide and hydrogen sulphide (15%). It is passed, 
at 70 atm pressure, over an (alkaline) amine solution, which absorbs the acidic 
carbon dioxide and hydrogen sulphide. These gases are then released by heating 
at o mpenherie preraurp Fontrollod supplies of air are added and the hydrogen 
sulphide is oxidized to sulphur in i i 

heated catalyst, bauxite. à See flans, fhe, Jast, puoi contactayattt a 


2H;S(9) + 0.(8) + 2H,0() + 256) 


Pro n onem and then cooled to solid, The product is 
E . i $ luct 1 
about 1.4 million tonnes per neg Worked since 1957 and present yield is 


Uses of sulphur 

The element, Sulphur, is a yellow soli i 
Dye id. Tt is usually sold as either ‘flowers of 

sulphur’, a powder, cr. ‘roli suiphur’, cylindrical ite The output of sulphur 
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in the world today exceeds 32 million to. nes annually, about two-thirds of it 
being produced by the United States of America. This vast amount is used in 
the following ways: 


1. For the manufacture of sulphuric acid (see page 411); 

2. For dusting vines to prevent the growth of certain kinds of fungus. 

3. In making calcium hydrogensulphite Ca(HSO;)2, which is used as a 
bleacher of-wood-pulp in the manufacture of paper. 

4.: For the vulcanization of rubber, a process which converts the soft pliable 
rubber into the hard, tough substance of which motor tyres and similar 
products are made. 

5. In smaller quantities for the manufacture of dyes, fireworks, sulphur com- 
pounds such as carbon disulphide CS;, and medicinally in ointments. 


Effect of heat on sulphur 
hon ———————————— ?GOÓGÉL1!—RRte— [A ÓÁíó 1] iÉ 0: 
Experiment 131 
The action of heat on sulphur when air is excluded 


viscous does it become that the test-tube 

may be inverted without loss of sulphur. 

The sulphur gradually becomes ‘more 

mobile again and very dark reddish brown 

in colour. 

4. The sulphur boils at 444 °C, giving off light 
brown sulphur vapour. 


Place some powdered roll sulphur in a narrow 
test-tube and warm it gently, shaking well. 

Try to avoid local overheating by rotating the 3. 
test-tube. The sulphur passes through the 
following stages as the temperature rises: 


1. It melts at about 115°C to an amber- 
coloured, mobile liquid. 

2. It becomes much darker in colour and, 
suddenly, at 160 °C, very viscous. So 


a e E T e i iíÍ|LIZ 


Experiment 132 
The action of heat on sulphur with a plentiful supply of air 


These changes occur in the reverse order as the 
sulphur cools 


Plunge a deflagrating spoon containing burning 
sulphur into a gas-jar of air. The sulphur burns 
with a blue flame and leaves a misty gas. (The 
mist is due to traces of sulphur trioxide formed 
simultaneously.) 

Treat several gas-jars in this way and use 


It is turned colourless. 
Add a dilute (golden yellow) solution of 
otassium dichromate. 
It is turned green. 


Thh results of these tests prove that the gas is 
sulphur dioxide (see page 405). 


the: it T 
m for the following tests: Suiphur burns in air, forming sulphur 


Add blue [imus solution. dioxide. 
It is turned red. The gas is an acidic oxide. \ S(s) + O2(g) — S02(9) 
Add a dilute (pink) solution of potassium V 
Permanganate. 
x 


Formation of sulphides from sulphur 


Sulphur Will combine directly with many elements forming sulphides. For 

FEA if finely ground mixture of iron filings and sulphur, in the propottiors 

Of S6 to 32 by mass (Fe = 56; S = 32), is heated, the two elements will combine 
p 


ui the combina- 

"TM AE the ass will glow spontaneously when once EU 

"tbs md te ope ai DER black, or dark grey, residue of iron) 
dion = c 


n Fe(s) + S(s) — Fes(s) 
em y DEUS Sinha) 


Hot copper foil or wire will ‘similarly glow in sulphur vapour, forming 
copper(I) sulphide CaS. 


FL 32609 $80 — Cus) x 
f@xbon combines directly with sulphur to form the important liquid, car 
- fsulphide C$; bu 


AS) + 28(8)  CS,0) 


c Darr and this 
1 TeQuired to bring about the combination, ck 
25 Secured by means OF the electric furnace, in which an electric arc is Sit 


it. 
iis very flammable, and must be used with care, It is olen an spsellent solvet! 
(Sec also CCL, page 324; 


Action of acids on sulph N 


) ; yuric 
Dilute acids do ot act upon sulphur. It is oxidized by hot concentrated sulphur! 
acid with formation of sulphur dioxide, 


acid. The action is too slow to have 
practical value, best 
Sulphur is oxidized by hot concentrated nitric acid, with bromine as the 
catalyst, to sulphuric acid. A 


S() + 6HINO,(aq) TE HS0,(aq) + 6NO;(g) + 2H;0() 
) 


Atlotropy of sulphur H ? "e! ; 
The following experiments. show at sulphur exists in several different ae 
called ‘allotropes’, The meaning of this term will be considered more fully 

llc the experiments have been described 


Experiment 133 


Preparation of rhombic or 


r octahedral sulphur (¢-sulphur) - S 
Shake some powdered sulphur with carbon 


! Filter the contents of the test-tube into 8 a 

Aisulphide for eame time in a test-tube. (Take beaker through a dry filter paper and funn! 

*"@ to extinguish ali flames in the vicinity.) Fasten a filter paper over the mouth of the 
j 


Figure 167 


See ee 


~-, bsaker, pierce a few pinholes in it, and est the 


beaker aside. The carbon disulphide will 
Svaporate, depositing crystals of sulphur, which, 
becaues of the slow evaporation, will be large 
enough for their shapo to be seen. They will 
have the shepe shown in Figure 167. 

This variety cf sulphur is called rhombic sul- 
phur or octahedral sulphur or &-sulphur. 

Note especially that the formation of the 
crystals takes placeat ordinaryroomtemperature. 


Experiment 134 


Preparation of monoclinic or prismatic sulphur (6-sulphur) 


Place powdered sulphur in.a very large crucible 
or an evaporating dish. Heat it and stir. gradually 
adding more sulphur: until the crucible or dish 
is almost brim-full of molten sulphur. Use a small 
flame for the heating. or the sulphur may begin 
to burn. The. allow the sulphur to cool. After a 
time, a solid crust will begin to form on ths 


surface. When the crust is continuous, pierce it ` 


at two widely separated polnts with a glass rod 
and rapidly pour out the liquid sulphur from 
inside. With a pen-knife, cut through the solid 
crust all the way round the crucible or dish, near 
the rim, and lift it out. Underneath will be seen 
long ^needle-shaped'" crystals or sulphur whose 
Shape is shown in Figure 168. They ere crystals 
ot monoclinic sulphur or prismatic sulphur or 
"sulphur. 


Figure 168 


Note that this variety crystallizes in close 
contact with hot, molten sulphur. 


Amorphous sulphur (8-sulphur) 


This variety of sulphur may be prepared in several ways, Qne is to saturate 
distilled water with hydrogen sulphide and then expose the solution to the air. 
Sulphur is deposited as an almost white powder, amorphous sulphur or-&sulphur. 
2H;S(g) + O2(g) — 2H;0() + 2S(s) Fa, iom 

In the experiments just described, three different varieties of the element, 
Sulphur were prepared. They have different properties, z.g., their a 
(e cm-?) differ (rhombic, 2.08; monoclinic, 1.98), but they all consist ad 
sulphur and nothing else. When ar element can exist in several different forms 
in the same state it is said to show allotropy. (See page 91.) 


Relation between monoclinic and rhombic suiphur 


The factor determining which of these two allotropes 
experiment is temperature. In our experiments, rhom 


will be obtained in a 
bic sulphur was 


396 A New Cortificate Chemistry 


by evaporation of a solution of sulphur in carbon disulphide at ordinary room 
temperature, while monoclinic sulphur was crystallized in contact with a mass 
of hot, molten sulphur. Roughly, then, we may say that if the sulphur crystallizes 
while still hot, it does so as the monoclinic allotrope; if it crystallizes while cold, 
the rhombic allotrope is formed. 

We can go further. Experiment has shown that the temperature which separ- 
ates the two varieties is 96 °C. If sulphur crystallizes above this temperature, 
monoclinic crystals are formed, and if below it, rhombic, This temperature, 
96 "C, is therefore called the ‘transition temperature’ between the two varieties. 

If rhombic sulphur, stable below 96 °C, is kept above that temperature, it 
changes its crystalline form and becomes monoclinic, while, if monoclinic 


sulphur, stable above 96 °C, is kept below that temperature, it slowly yields 
thombic sulphur. 


I 
Experiment 135 

Formation of plastic sulphur 

SSS SS E stum t ete MPH UO E 
Heat some powdered roll sulphur in a test-tube ‘plastic sulphur’, which are insoluble in carbon 
until it is boiling rapidiy. (The changes which ^ disulphide. This variety is not a true allotropa of 
occur are fully considered on page 393.) sulphur. If kept for a few days, plastic sulphur 
Then pour the boiling sulphur in a thin con- becomes hard. This hard variety of sulphur is 
tinuous stream into a beaker full of cold water. -insoluble in carbon disulphide. 

It forms long.-slastic, light-yellow ribbons of 


a ne 


Comparison of two allotropes of sulphur 
seh eh tre YET nm 


Rhombic (octahedra!) Monoclinic (prismatic) A: 
Yellow translucent crystals. Transparent amber crystals. 
Density 2.08 g cm-?, Density 1.98 g cm?. 
Melting point 114 °C. Melting point 119 °C. 


Stable at temperatures below Unstable at temperatures below 
96 °C. T^ 96 °C, reverting to rhumbic 
variety. 


Experimental evidence of the chemical identity of these allotropes is given by 
the fact that each is convertible inte the other (by temperature change) without 
change of mass and, if equal masses of the allotropes are Converted into - si I 
compound (¢.g., sulphur dioxide), identical masses of nroduct a med SANE 


Questions 
i. You are providec with a finely powdere? 2. Explaii " AME. 
DM ADONIS nitrate and sulphur. dus following observations: (a) Uf 
Deseri ow you would obtain pure somet i 
crystals of Potassium nitrate from Es ) When. SY ie id zii Liner 
mixture. Starting from powdered sulphur, solidify it has a z tallin “appearance 
describe how you would prepare samples of different from that ‘of the original solid. 
duse allotropes of this element. In. (c) Changes are Observed Jem drogen 
fe nee give a sketch showing the crystal- sulphide is bubbled through. a solution o 
n. iodine. (O. 
esas tie changes which occur when ey 
Powdered sulphur is gently heated in a test- 3, Name z; i! i urces 
tube up to its boiling point (O. and C.  - sulphur fre’, if rane ee Ju 


phur as a non-metal. Describe how you cculd 
obtaina sample of puresulphur froma mixture 
of sulphur and sand. Calculate the mass of 
sulphuric acid that could be made from one 
kilogramme of sulphur. (O. and C.) 


4. Describe how you could prepare two 
different crystalline allotropes of sulphur 
from crushed roll sulphur. With the aid of 
simple sketches, show the difference in shape 
of the crystals of these two allotropes. 

A mixture of approximately equal me 
of sulphur and pure iron is carefully 
heated in a hard glass test-tube until no 
further reaction occurs. Describe what hap- 
pens during this heating. Explain how you 
could distinguish, by means of fo en 
between the original mixtare and the 
solid residue. (O. and C.) 

5. What do you understand by the term 
‘allotropy’? Give the names of three sub- 


- 
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stances to which this term is applicable. If 
you were provided with a supply of rhombic 
sulphur, describe how you would obtain 
from it (2) monoclinic sulphur; (6) plastic 
sulpbur; (c) several gas-jars of hydrogen 
sulphide (no diagram of the apparatus is 
etirdi (d) a sample of lead(II) sulphide. 
t., 


6. *Rhonibic and monoclinic sulphur are allo- 
tropes.’ Briefly explain this statement. (Details 
of the preparations of these forms of sulphur 
ere not required.) 
Describu the contact process for ths 
preparation of sulphur(VI) oxide, paying 
icular attention to the effects cf the 
catalyst and cnanges of temperature and 
pressure on (i) the equilibrium concentration 
of sulphur(V1) oxide, and (ii) the rate of the 
reaction. (The formation of sulphnr(VI) 
oxide is exothermic.) (J.M:B.) 


33 Compounds of 
1 ulphur 


Hydrogen sulphide H;S 
Preparation 


Hydrogen süiphide was obtained in the experiment described on page 7 by the 


action of dilute hydrochloric acid on iron(II) sulphide. This is the Most con- 
venient method of preparation, using the apparatus shown in Figure 169. The 
preparation must be carried out in a fume-cupboard, since hydrogen sulphide is 
very poisonous. 


een 


EE begins and the hydro. 
rather solu| 
volumes of the pas in one volume o; em Verden 


Soluble in hot water, f wales), but ke al BASES, it is less 


FeS(s) + 2HCl(ag) > FeCl,(aq) + H,S(g) 
Dilute sulphuric acid may also be used, 


FeS(s) +- H,SO,(aq) > FeSO,(aq) + H5S(g) 


NONO ee RTT RR 
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Experiment 136 
Characteri 


istic test for hydrogen sulphide 


Soak a strip of filter paper in lead(Il) ethanoate black lead(II) sulphide. 

Solution and drop it into a gas-jar of hydrogen pyc H30. 

Sulphide. The paper turns dark brown or black. Ea EEDA O a HO. 

This colour change is caused by precipitation of AED 


A fairly pure specimen of hydrogen sulphide may be obtained by warming anti- 
mony(III) sulphide with concentrated hydrochloric acid. 
Sb;S;(s) + 6HCl(aq) — 2SbCl;(aq) + 3H;S(g) 
If required dry, the gas may be dried by passing it over calcium chloride and 
Collected by downward delivery, as the gas is somewhat denser than the air. 


Kipp's apparatus 
t Kipp’s apparatus is a device for obtaining intermittent supplies of a frequently 
5 used gas such as hydrogen, carbon dioxide or hydrogen sulphide (see Figure 
170), 


Figure 170 


i the acid rises into the bulb B and attacks the 
2s ovario: sulphide, which is delivered through A. 


_ When the tap 
iron(II) sulphide, produ 
When the gas is no longer 
ated, which raises the pressu 
up into C. The gie o = 
iron(II) sulphide are no longer 2 
until tap vi again opened to obtain gas. 


ired, A is turned off. The gas is still being gener- 
olo il B. The acid is therefore forced out of Band 
f hydrogen sulphide now stops because acid and 
contact and the apparatus will remain inactive 


Properti en sulphide — 7 
dh ties of ser a repulsive, rather sweet smell TR Sia bd. 
rotten egg kde. given off from putrefying eggs and also froi 


| 
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cabbages, both of which contain sulphur. 
a weakly acidic solution; at ordin: 
dissolve about three volumes of 
acids known. 


Hydrogen sulphide is contained in the water of many sulphur springs and 
these ‘waters’ are said to have curative properties. They certainly possess, as a 
consequence of their hydrogen sulphide content, all the unpleasant taste usually 
associated with medicines. The gas has a density of 17 compared with that of 
hydrogen, and is somewhat denser than air, which is 14.4 times denser than 
hydrogen. 

Warning. The gas is extremely poisonous; it is often found in sewers and has 
caused many fatalities among workmen. It should never be handled (except in 
minute quantities) except in an efficient fume-cupboard. 

Although very poisonous under normal conditions, it is not so dangerous as 
the much less poisonous carbon monoxide. Can you say why this is? 


It is also fairly soluble in water giving 
ary temperatures one volume of water can 
hydrogen sulphide. It is one of the weakest 


SSNS 
Experiment 137 
Combustion of hydrogen sulphide with a plentiful supply of air 


iat! 
hydrogen card When several gas-jars of hydrogen sulphide 


sulphide ——* cover 


have been collected remove the delivery tube 
and fix the tube as shown below (Figie 171). 
Apply a lighted taper. The hydrogen sulphide 
burns with a blue flame similar to that of sulphur. 
Lower the tube into a wide gas-jer, closing the 
mouth with a square of cardboard ana, wit tha 
flame is extinguished, remove the tube and adda 
dilute pink solution of acidified- potassium 
permanganate. On shaking, the solution be- 
comes colourless and remains clear. This test 
proves the presence of sulphur dioxide. 


2H2S(9) + 303(g) —> 2H.0(I) + 2S0,(g) 


Figure 171 


E; 


xperiment 138 
Combustion of hydrogen sulphide with a limited supply of air 


Cut down the air supply to tho flame obtained in 


lid. 


sulphur wiil 
the last section by putting into ita Gode phur wiil be seen on the lid, The reduced 


oxygen supply cannot Oxidize the gas com- 


letel: i 5 
After a few seconds, a Yellow ‘danst oF Pletely and free sulphur is deposited. 


2H58(9) + 02() —> 25(s) + 24,0(1) 


Hydrogen sulphide as a reducing agent 


Hydrogen sulphide is a 
show. Like all reducing agents, it 
product is a precipitate of sulphur, 


Qu = 2Ht + s7- 
S?- —S 4 2e- 
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The electrons are accepted by the oxidizing agent with which the hydrogen 
sulphide is reacting. Very powerful oxidation, e.g., by concentrated wnitric acid. 
may convert hydrogen sulphide to sulphuric acid. 1 


LS SS «0| 
Experiment 129 > 
Action of hydrogen sulphide, with nitric acid 


Dilute some concentrated nitric acid with about 
One-third of its volume of water in a boiling- 
tube and pass hydrogen sulphide into it. Brown 
fumos of nitrogen dioxide are given off, a pale 
yellow deposit of sulphur appears, and the 
liquid becomes hot. The hydrogen sulphide has 
feduced the nitric acid to nitrogen dioxide and 
has itself been oxidized to sulphur. 


2HNO3(aq) + H2S(g) — 
2H0(!) -+ 2NO2(g) + S(s) 
The solution also contains sulphuric acid, 
produced by'the reaction: 
H28(g) + 8HNOs(aq) —> 
H2S0,(aq) + 8NO2(g) + 4H;O(1) 


nn ET 


Experiment 140 


Action of hydrogen sulphide with iron(11I) chloride solution 


Perform the experiment as above, using iron (Ili) 
chloride solution. 

A yellow doposit of sulphur appears and, on 
heating to coagulate the sulphur and filtering, a 
Pale green solution of iron(ll) chloride is 
obtained, The hydrogen sulphide has reduced 
the yellow iron(Ill) chloride to green iron(II) 


chloride, being itself oxidized to hydrogen 
chloride, which dissolves in the water, and 
sulphur. 
2FeCl;(aq) + H5S(g) —> è 
2FeCl;(aq) + 2HCl(aq) + S(s) 


or2Fe3+(aq) + S?- (ag) —3»2Fe** (aq) + S(s) 


y 


Experiment 141 . : 
Action of air on hydrogen sulphide 


Pats a stream of hydrogen sulphide into distilled 
Water Ín a beaker for about half an hour. Leave 
the solution exposed to air. After a few days a 
White deposit of amorphous sulphur will have 


Hydrogen sulphide will redu 
For this reason, the acid cannot 


appeared. The oxygen of the air has oxidized 
the hydrogen sulphide to sulphur and water. 


2H3S(g) + O2(g) —> 2H20(1) + 25(9) 


cecoiicentrated sulphuric acid, depositingsulphur. 
be used to dry it. i 


3H,8(@) + H,S0,(ea) — 400 + 456) 


Acidified potassium 
. the gas. The effect pro 


permanganate and di 
duced differs from t 


chromate solutions are reduced by 
hat produced by sulphur dioxide 
ganate and turns the dichromate 


because, while either gas decolorizes the ES leaves a precipitate of sulphur 


from yellow to green, hydro; 
while sulphur dioxide does not. 
2Mn0,-(ag) + 5H,S(g) + 6H 
C,0;^- (ad) + 3HS(@) + 8H 


For the action of. hydrogen sulphide wi 
for its action with the halogen elements see P 


T y j 


gen sulphide a 


+ 2Mn?*(ag) + 8H200) + 5S(s) 
"aj aM ed) 4. TH,00 +3509) 


th sulphur dioxide see page 407, and 
age 375. 
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Experiment 142 


The action of hydrogen sulphide on salts of metals 


Copper(II) sulphate. 


Heat a solution of copper(I!) sulphate in a 
boiling-tube and pass hydrogen sulphide into it. 
A dark brown precipitate appears, copper(II) 
sulphide. Filter the mixture. If sufficient hydrogen 
sulphide has been passed, the filtrate will be 
colourless because all the copper, which form- 
erly coloured it, is now precipitated as copper(I) 
sulphide, The filtrate is dilute sulphuric acid. 


CuSO.(aq) + H2S(g) — r 
CuS(s) + H2S04(aq) 
copper(II) 
sulphide 
Lead (/!) nitrate. 


Experiment as above. Here, a black precipitate 
of lead(!l) sulphide is produced and the filtrate 
is dilute nitric acid. 


Pb(NO3)2(aq) + H2S(g) — 
PbS(s) + 2HNO.(2q) 


Hydrogen sulphide as an acid 


Hydrogen sulphide acts as a weak dibasic acid, It forms with sodium hydroxide 
two salts, normal sodium sulphide Na,S, 


2NaOE(aq) -+ H5S(g) — Na,S(aq) + 2H,0() 


or, with excess of hydrogen sulphide, the acid salt, sodium hydrogensulphide 
NaHS. 


NaOH(aq) -+ H;s(g) — NaHS(aq) -+ H;O(l) 
Potassium hydroxide reacts similarly. 


Since the possible reactions of hydrogen sulphide with sodium hydroxide 
solution are: 


2NaOH(aq) + H;S(g) —> Na.S(aq) + 2H,0() 
2NaOH(aq) + 2H;S(g) — 2NaHS(aq) + 2H,0(1) 


it is clear, from the equations, that the volume of hydrogen sulphide needed to 
convert a given mass of sodium hydroxide into sodium hydrogensulphide 
NaHS, is twice that required to convert it to sodium sulphide Na;S. It d$ m- 
possible in practice to determine when just cnough hydrogen sulphide has been 
used to convert the alkali into sodium sulphide, so the best way of carrying out 
the preparation is to convert half of the sodium hydroxide inte sodium hydrogen- 
sulphide by saturation with hydrogen sulphide, and then to form the normal 
salt from the acid salt by addition of the other half of the sodium hydroxide. 
NaOH(ag) + H;S(g) — NaHS(aq) -+ H,O(t 

NaHS(aq) -+ NaOH(aq) —> DO HR 


aq) + H2001) 
Experiment 14g —————— 


Preperation of sodium hydrogensulphide and sodium sulphide 


—— eet 
Measure out 50 cm? of bench (about 2M) 
sodium hydroxide solution, divide it into two 
equal parts and, into one of them, pass hydrogen tain crystals of sodium sulphide 
sulphide until nó more is absorbed and the by the method described on page 271. 


—— 


ee er 


liquid smells Strongly of hydrogen sulphide. 


Add the othar haif of the sodium hydroxide 
solution and obs 


=n 
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Sulphides a 


K Sulphides of these metals 


Na are soluble in water. - 
Sulphides of these metals will 


ke not precipitate from acidified 


Mg solutions. 

Zn Sulphides of these metals 

Fe are insoluble in water. Sulphides of these metals will 
Pb precipitate from acidified solu- 
Cu tions. 


Potassium sulphide KS 
This is similar to sodium sulphide and is similarly prepared. 


Sodium sulphide NaS 
The preparation of this compound by neutralization of sodium hydroxide by 
hydrogen sulphide is described above. Its aqueous solution is alkaline and smells 
of hydrogen sulphide. When heated with sulphur it forms ‘polysulphides’ of 
sodium. For example: 
Na,S(s) + 4S(s) — Na2Ss(s) 

In industry, sodium sulphide is prepared by heating sodium sulphate with 
coke (page 416). 
Uses. (1) For preparing a class of very ‘fast’ dyes. 

(2) For stripping the hair from hides. 


Calcium sulphide CaS A 
This compound was chiefly important in the form of the ‘alkali waste’ of the 
Leblanc process. Sulphur was recoyered from it. ! : 

If it contains traces of certain metals, for example, 0.01% bismuth, it is 
‘phosphorescent’, that is, after exposure to light, it will emit a violet glow whose 
intensity gradually diminishes. The glow fades out after some hours. 


Zinc sulphide ZnS "s 
This compound occurs as the mineral ‘zinc blende’, It may be precipitated by 


hydrogen sulphide from a neutral (or alkaline) solution of a zinc salt. 

Zn** (aq) + S?~(aq) — ZnS(9) ; 
under similar conditions, zinc sulphide is phos- 
t on watches is usually zinc sulphide, containing 
00 000 000 of the sulphide. 


Like calcium sulphide, and 
phorescent. The luminous pain 
about 1 part of a radium salt in 1! 


iron(II) sulphide FeS 

This black, insoluble compound i 
hydrogen sulphide (page 398). It is P 
calculated quantities (page 6). 


s usually employed for the preparation: of 
repared by heating iron with sulphur in the 


Tron(il) disulphide FeS2 wig em Ae S dien 
This ard, brassy mineral. use OF its pearan 

Ton d as fools eld. S It deposits of it in various parts of the world 
including Spain. It is the cheapest source of sulphur dioxide which it gives off 
when burnt in air. -— 


V 
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Lead (ll) sulphide PbS 


Lead(II) sulphide occurs zs the mineral galena, and is precipitated from solu- 
tions of lead salts by hydrogen sulphide almos 
for hydrogen sulphide (page 399) is the production of a dark brown ( 


black) stain of lead(IT) sulphide on a filter paper soaked in lead(I) ethanoate 


Solution, 
Pb?*(ag) + S?-(ag) —> PLS(s) 
Copper(/!) sulphide Cus 


This is a black insoluble compound precipitated from a solution of a copper) 
salt by hydrogen suiphide (Page 402). 


Cu**(aq) + S?-(aq) > Cus(s) 
Sulphur dioxide SO, 
Preparation of sulphur dioxide 


This compound, which is a gas under ordinary conditions, is conveniently 
prepared in the laboratory by the apparatus of Figure 172. 


There 1 no aon until the mixture in the flask 
effervescence occurs and the sulphur dioxide, 
Genser than air, is usually collected as shown 


becomes hot. Then rapid 
being very soluble in water and 


tains anhydrous copper(I) 
sulphate and certain impurities. Crystals of copper(I) sulphate may be obtained 
from it by the method described on page 275. 


(page 402). The most satisfactory test — 


Compounds of Sulphur 408 


Tests. 1. The gas has a very, irritating smell and a metallic taste. D 

2. Action on potassium permanganate solution. The solution is turne 
from purple to polos by sulphur dioxide. (No precipitate is 
left as in the case of reduction of the t 
sulphide) permanganate by hydrogen 

5S0;(9) + 2Mn0, (ag) + 2H;0() — 
580,?-(aq) + 2Mn?*(ag) + 4H* (aq) 
The explanation of the change of colour is that the potassium per- 
manganate is decomposed and all the products of the reaction give 
colourless solutions. (The concentration of the manganese sulphate is 
* too small for its very pale pink colour to be observed.) 

3. Action on acidified potassium dichromate solution. The solution is 
tur..ed from golden yellow to green by sulphur dioxide (see Experi- 
ment 146), 

380; (g) + CrO;?-(ag) + 2H*(aq) — 
3S0,?- (aq) + 2Cr** (aq) + H200) 


Properties of sulphur dioxide 

The gas is colourless, and has an irritating smell. and a rather sweet taste. It is 

fairly poisonous and is used for fumigation. It is also readily soluble in water, 

and litmus added to the resultant solution turns red, indicating that the solution 

is acidic. The sulphur dioxide reacts chemically with the water to produce 

sulphurous acid. " 
H00) + SO;(g) = H5089 = 2H*(ag) + S0;?-(aq) 


This acid will be considered more fully later. 


- 


Sulphur dioxide as à reducing agent 
in the presence of water, is a powerful reducing agent. It reacts 
rm sulphurous acid and the sulphite ion, 80527, and this ion, 


Sulphur dioxide, 
1, acts as a supplier of electrons. This occurs in 


with water to form su 
like reducing agents in genera 


association with water. 
= H,SO;(aq) = 2H* (aq) + $O;*7(aq) 


H,0(1 SO;(g) 
Nos I HO) =, 50,7 (8q) + 2H* (aq) + 27 


The electrons are accepted by the oxidizing agent with whiski S0,-water 


system is reacting, ¢.8-s X P" 
iron(I1J) ion, which is reduced to ironion" 
ode te > Fe 


chlorine, whieetf reduced to its ions: 
Cl + 260 2ClI- 


acidified potassium permanganate, which is reduced to a manganese(IT) salt? 
MnO, 7(aq) + 8H* (a9) + 5€" => Mn?*(ag) + 4H,0()) 
The following are important examples of the reducing action of sulphur dioxide 


in aqueous solution. 
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Experiment 144 


Action of sulphur dioxide with concentrated nitric acid 


2 


Put some concentrated nitric acid into a 
boiling-tube and pass into it a current of 
sulphur dioxide from a siphon of liquid sulphur 
dioxide. Brown fumes are evolved (nitrogen 
dioxide) and the liquid becomes warm. Dilute 
some of the liquid and add dilute hydrochloric 
acid and barium chloride solution (the recog- 
nized test for a soluble sulphate). The white 
precipitate of barium sulphate Proves the 
presence of sulphuric acid, 


BaCl;(aq) + H;SO,(aq) —> 

MN cakes BaSO,(s) + 2HCI(aq) 

The concentrated nitric acid has oxidized be 
sulphur dioxide in the presence of war A 
sulphuric acid and has been itself reduce! 
nitrogen dioxide, 
SO;(g) + 2HNO, (aq) —> 

A = H2S0.4(aq) + 2N02(9) 


xperiment 145 


Action of sulphur dioxide on iron(11I) suiphate solution 


Make a solution of iron(IIl) sulphate (or iron 
ammonium alum) in water in-a boiling-tube 
and pass into it sulphur Gioxide as above. The 
brownish colour of the solution is rapidly 
converted to pale green. The Sulphur dioxide 
has reduced the brown iron(Ill) sulphate to 


light green iron(II) sulphate and has itself been 
oxidized to sulphuric acid, 


2Fe?* (aq) + 2H;O(I) + SO2(g) —> 
2Fe?* (aq) + S04?- (aq) + Aun 
The red solution which may be fom i 
complex sulphite which decomposes nie ud 
ing, leaving the products as indicated by 
equation above. 


Experiment a 


xperiment 146 


Action of sulphur dioxide on potassium dichromate 


Seo test for sulphur dioxide on page 405. 


Acidify a solution of potassium dichromate in 
a boiling-tube with dilute sulphuric acid, and 
Pass through it a stream of sulphur dioxide from 
& siphon of liquid sulphur dioxide, There is a 
Tapid colour change from golden yellow to 
green, but no precipitate appears (compare the 
action of hydrogen sulphide, page 401). 


Experiment 147 


a 
—- 

3S0;(g) + Cr;07?- (aq) + 2H*(aq) + 

i 380,?- (aq) + 2Cr^* (aq) +/H20(!) 
The potassium dichromate has oxidized the 
sulphur dioxide in the pressnce of water tO 
sulphuric acid, being itself reduced to green 
chromium(II!) sulphate. 


Action of sulphur dioxide on potassium permanganate 


See test for sulphur dioxide on page 405. 

The potassium permanganate oxidized the 
sulphur dioxide in the presence of water to 
sulphuric acid, and was itself reduced to man- 


Ay are Tee, So 


xperiment 148 


Bleaching action of sulphur dioxide 


— 


ganese(II) sulphate, the colour of jthe solution 


being almost totally discharged, 
5S02(g) + 2Mn0.- (aq) + 2H,0(1) > 
550.7 (aq) + 2Mn** (43) i. 4H* (aq) 


REIT 


Sulphurous acid is a bleaching agent. This may << 


easily be shown by dropping into a gas-jar of 
the gas (containing some water) a few blue 


flowers, €g, blue on i Is. 
Aisha ie ocus, iris, or bluebell 


mini s st 
their blue ea! flowers will have lo 
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This bleaching is also a reducing action. The sulphurous acid takes up oxygen 


from the colouring matter 


of oxygen from the dye converts it to a col 
is used industrially for bleaching sponges án: 


of the flowers and forms sulphuric acid; the removal 


ourless compound. Sulphur dioxide 
d straw for straw hats. The oxygen 


of the air may oxidize the reduced colourless compound back to the original 


coloured compound, which exp! 
with usage. 


lains why straw hats gradually become yellow 


——— M —Á ——Áí(— U Pon mn——— "wA 
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Action of sulphur dioxide with hydrogen sulphide 


Add to a gas-jar of sulphur dioxide a little 
water, invert over it a gas-jar of hydrogen 
sulphide and allow the gases to mix. A yellow 
deposit of sulphur will be produced at once. 
The dry gases do not react. 


2H4S(g) + SO2(9) —> 2H20(!) + 3S(s) 


Note that here, the sulphur dioxide is 
—— 


Liquefaction of sulphur dioxide 


actually acting as an oxidizing sgent 
supplying oxygen to the hydrogen sul- 
phide. As we have seen above, however, 
sulphur dioxide usually shows reducing pro- 
perties. Here it has encountered in hydrogen 
sulphide a more powerful reducer than itself, 
which takes up its oxygen and causes it to act as 
an oxidizer. 


Sulphur dioxide can readily be liquefied by being dried by concentrated sul- 
ed through a freezing mixture of ice and salt. It liquefies 


phuric acid and pass 
under ordinary atmosphe! 
at ordinary room temperature 
under pressure. 


ric pressure at about —10°C. It can be kept liquid 
if under slight pressure, and it is sold in siphons 


Sulphur dioxide in chemical industry 


Sulphur dioxide is very 
facture of sulphuric acid 


important as D 
(page 411). It is prepared by burning sulphur in air, 


an intermediate compound in the manu- 


S(s) + O2(g) — 5028) 


or by burning iron pyrites in air. 


Sulphurous acid H2803 


4FeS,(s) + 110,(g) —> 2Fe;0s(s) + 880;(g) 


obtained free from water. Any attempt to prepare the 


is aci er been VISA qe x 
(Epis aiat BALES in its decomposition into sulphur dioxide and water. 


pure acid always results 


and it is advisable to prevo 


s ing sulphur dioxide into water. 
It is prepared by Dé ne ‘sucking back” by the use 


The gas is readily soluble 
of a funnel just touching 


is 75-1 PS 
the water surface (Pigs k B "the same as described under the preparation. of 


The ,eactioa in the flask !5 ' 
sulphur dioxide (page 404). It #5, 
dioxide. 


Cu(s) + 2H;S04C 


of course, not necessary here to 


dry the sulphur 


—> CuSO, (aq) + 2H;0(D + So; 


aq) 
SO. 1 HOM — H-80-(20) 
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Sulphur dioxide is the a 


nhydride of sulphurous acid and may be called 
‘sulphr:vus anhydride’, 


Figure 173 


Definition, 


An anhydride is the 
bined with 


water, forms an acid. 
SOE) + BOM = H,C0,(aq) = 2H*(aq) + CO,^- (ec) 
carbonic i 


oxide of a non-metal, which, which com- 


carbonic 

anhydride acid x 
SO:(g) + H;O()  HSO;(aq) = 2H*(aq) + SO;?- (ad) 

sulphurous sulphurous 

anhydride acid oe 
SOs(g) + H,0() = HiSO,(aq) = 2H* (aq) + 80,2-(aq) 
sulphuric sulphuric 

anhydride acid 


t. n r p ive the corres- 
An anhydride will not aiways combine directly with water to give t 1 
ponding acid, e.g., silicon dioxide SiO, is the anhydride of silicic ae mm 
though the acid cannot be prepared by direct combination of its anhydri 


water. The acid is prepared from one of its salts and, when heated, loses water, 
leaving silicon dioxide as the residue, 


Properties of sulphurous acid 


Sulphurous acid is a colourless liquid which smells strongly of sulphur dioxide. 
The acid has all the 


teducing actions described previously as those of sulphur 
dioxide in the presence of water (pages 405-6). 

— RN 
OSES IM pere ee 
Experiment 150 
Effect of exposure to air on sulphurous acid 


Leave a beaker of sulphurous acid exposed oxygen of the air has oxidized the sulphurous 
to alr far a few days. Then add toithydrochloric acid to sulphuric acid. 
sd barium chloride solution, The white 2H3SO;(ag) + 0.(g) => 2280, (aq) 
precipitate of barium sulphate proves that the Ba?*(ag) + S0,?- (aq) —> 8aS0,(s) 
4 ELEM. 
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Action of sulphurous acid with alkalis 
Sulphurous acid is a dibasic acid and with sodium hydroxide forms two sodium 
Salts, the acid salt, sodium hydrogensulphite NaHSO;, and the normal salt, 
Sodium sulphite Na;SO;. 
NaOH(ag) -+ H2SO;(aq) — NaHSO,(aq) + H;O(l) 
2NaOH(aq) -++ H2SO3(aq) — Na;SO;(aa) + 2H;O(I) 


Potassium hydroxide solution behaves similarly. 


Laboratory preparation of sodium sulphite 
This is similar to the preparation of sodium sulphide, described on page 402, 
using sulphur dioxide instead of hydrogen sulphide. 

NaOH(aq) +- H2SO;(aq) —- NaHSO:(ag) + H,0() 

NaHSO;(aq) -+ NaOH(aq) —> Na;SO:(ag) + H200) 
Sulphites give off sulphur dioxide when warmed with dilute hydrochloric acid 
or dilute sulphuric acid (test for SO, page 405), e.g., 
Na;SO.(aq) + H2S0,(aq)—> Na,8O,(aq) + H20() -+ S02(8) 

This is occasionally used as a method of preparing sulphur dioxide. 


Used in dilute acidified solutions, sulphites have all the reducing actions of 
sulphur dioxide and water, or sulpburous acid (sce page 408). 


Preparation of sulphurous acid H.SO; from sulphur 
To convert sulphur into sulphurous acid it is necessary first to oxidize the 
sulphur to sulphur dioxide and then absorb this gas in water. 

This can be done using the apparatus of Figure 174. 


Figure 174 


draw over it a rapid stream 

means of à filter-pump, j m 

Mia ne let apie the sulphur dioxi e kept) ie mec i 

panies deu in the Woull's bottle. n [uet 
through the a ied over unburnt and appear 


acid. Sulphur vapour may be ca! m 
precipitate in the bottle. Remove it by Md à 

S() + og) — 5 i (aa) 
H,0() + sog) > H,SO3(24 
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The method of producing sulphurous acid given on page 408 is much ae 
convenient in the laboratory, but the sulphurous acid prepared on the 


scale is made by modification of the above method or by burning iron pyrites 
FeS;. .: 


4FeS,(s) + 1102(g) — 2Fe;O.(s) + 8SO2(g) 
Sulphur trioxide SO, 


This compound is a white hygroscopic solid. A sample of it is usually kept in 8 | 
sealed glass bulb as a laboratory exhibit. 


Preparation of sulphur trioxide 


It is prepared by passing a mixture of dry sulphur dioxide and dry air, or oxyge™ 
over heated platinized asbestos (or vanadium(V) oxide). Platinized asbestos 18 
made by soaking asbestos in platinum chloride solution and then igniting ib 
when platinum is left in a very finely divided form. 


PtCl;(aq) — 2Cl,(g) + Pt(s) 
The platinum is a catalyst and the best temperature is 450-500 °C. The sulphur 
trioxide is seen as dense white fumes and may be solidified in a freezing mixture 
of ice and a little common salt (Figure 175). 


280;(g) -+ O(g) > 2SO0s(g) 


vanadium(V) oxide : 
or anhydrous 
platinised asbestos caicium 
{450—500 °C) chloride 


Figure 175 


The sulphur trioxide container is protected from atmospheric moisture bya 
calcium chloride tube. Sulphur trioxide is important because it combines 
vigorously with water, giving sulphuric acid. 


H00) + SOs(g) — H;SO,(ag) 
It is the anhydride of this acid and sulphur trioxide may be termed ‘sulphuric 
anhydride’. (See also page 408.) 
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Sulphuric acid H.SO. 
Lead chamber process for the manufacture of sulphuric acid 


To offset lack of the raw materials, sulphur, and pyrites, a process is now pro- 
ducing sulphur dioxide by strongly heating anhydrite, CaSO,, with coke. The 
main reaction is: 

2CaSO,(s) + C(s) > 2C20(9 + 2S0,(g) + CO2(g) 
By including sand and ashes containing alumina, the quicklime is converted to 
a valuable by-product, cement (calcium silicate(IV) and aluminate). Pyrites is 
also burnt in air to produce sulphur dioxide. 

4FeS,(s) + 1102(g) — 2Fe203(s) + 8S02(z) 

xygen of the air, in the presence of steam, into sulphuric 
used as a catalyst or oxygen-carrier. 


2NO(g) + O2(g) — 2NO:(g) 
from 


It is converted by the o: 
acid. Nitrogen oxide is 


air 
NO, (8) + H200) + SOx(g) > NO(g) + H2S0.(2q) 


‘The nitrogen oxide is usually supplied in a modern plant by oxidizing ammonia 
by oxygen of the air. The two gases are passed over heated platinum. 

ANH;(3) + 502(8) > 4NO(8) + 6H20() 

f the sulphur dioxide is carried out in large lead chambers, 
*chamber-acid" (65% sulphuric acid) accumulates. It is 
where an acid of high purity is not needed. 


The plant used is made more elaborate by devices for recovery of the nitrogen 


a s erwise escape. and for its restoration into the reacting 
[Dei Shi wows Gil al form, is now almost obsolete. 


The main oxidation o! 


on the floors of which 
not very pure but finds a ready sale 


d, in its origin: 
re of sulphuric acid 


sulphur) and air are passed over & 
of the possible yield of sulphur 


Contact process for manufactur 
Sulphur dioxide (prepared by burning sul 
catalyst, heated to 450-500 "C- About 9876 
trioxide is obtained. 
280,(2) + O28) = 280;(g) 
e. as used as catalyst but platinum is very ex- 
i Exec by impurity which made eon pudicam of 
the ie » enis (especially from arsenical compo, anadium(V) oxide 
j puck i ual catalyst employed. y 
V205 has replaced platinum oi the uifactorily absorbed by water. A faist of 
Rote sulphur tione ari acid fills the factory one Mere e fend 
Tu i huric acid; um 
: ted It is dissolved tp Lx een is d. Most of the ‘oleum’ 1s carefully 
called *oleum' for which t i 
diluted with the correct amount of water to 


acid, 
H,S0.@9 
820,89 + 


Originally, pla 


O.(g) — H2S307(89) 
+ SOx) 2H,50, (69 


i id : 
3 ropartias of sulphur igi “Oil of Vitriol’. It has several very important 
ulphuric acid is a det! 


Properties. 
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Dilute sulphuric acid — as an acid 


Sulphuric acid is dibasic, ionizing in two stages to produce first a hydrogen Ei 
© anda hydrogensulphate ion, HSO,, from a molecule of the acid, after Mei ks 
"hydrogensulphate ion may ionize further to produce a hydrogen ion an 


sulphate ion, SO,?- 


H58SO.(ag) = H+ (aq) + HSO, (aq) = 2H*(aq) + S0,?-(aq) ; 
In dilute solution, the acid is almost completely ionized and so is a strong acid. 
Because of its dibasic character, this acid forms two sod'um salts, sodium 
sulphate (Na*),SO,?~, and sodium hydrogensulphate Na* HSO,7. 
2(Na* OH- ag) -+ (H*),S0;?-(aq) — (Na*),SO,?-(aa) + 2H,00) 
Na* OH- (aa) + (H*),8047- (aq) — Nat HSO, (aq) + B;O(l) 


ln C EE aL ML iiid A EE d 


Experiment 151 


Preparation of sodium sulphate and sodium hydrogensulphate 


l— USA oru o ie a Co T 


It is evident from the previous equations that 
the amount of sodium hydroxide needed to 
Convert a given amount of sulphuric acid into 
sodium hydrogensuiphate is half that required to 
Convert it to sodium sulphato, 

Measure out, Say, 109 cm? of bench (2M) 
sodium hydroxide solution into a flask, add 
litmus, and then run in carefully, from a burette, 
bench (2M) dilute sulphuric acid, until the 
solution is neutral (purple). Note the volume 
of dilute sulphuric acid needed (say x cm?). 
This solution now contains sodium sulphate. 
2NaOH(aq) + H,SO,(aq) —> 
NaaSO.(aq) + 2H;0(I) 


—————. 


Then measure out a further 100 cm? of the 
same sodium hydroxide solution and add to it, 
from the burette, 2x cm? of the same acid. This 
solution now contains sodium hydrogensul- 
phate. 


H2S0,(aq) —> 
SM doc Bora + 2H;0() 
Obtain crystals in the usual way from both 
solutions (see page 271). 
Similarly, two potassium salts, potassium 
sulphate K;SO,, and potassium hydrogen- 
sulphate KHSO,, can be made. 


e 


Dilute sulphuric acid also neutralizes basic oxides or hydroxides to form salts 


and water, e.g., 


CuO(s) -+ H,SO,(aq) — CuSO,(aq) + H,O(1) 
ZnO(s) -+ H,SO,(aq) — ZnSO, (aq) + H00) 
Cu(OH),(s) + H2S0,(aq) — CuSO,(aq) -++- 2H;O(l) 
Zn(OH),(s) + H2SO,(aq) — ZnSO,(aq) + 2H;O(1) 
Action of dilute sulphuric acid with metals 
Some of the common metals displace hydrogen from dilute sulphuric acid, e.g., 


Zn(s) + 2H* (aq) — Zn?*(ag) + H;(g) 
Fe(s) + 2H* (aq) —> Fe?+ (aq) + H;(g) 


' Copper is, however, 
sulphuric acid, in th 


Mg(s) + 2H* (aq) — Mg?+ (aq) + Hs(g) 


without action on this acid. Note that cold, concentrated 
€ complete absence of water, is not attacked by any metal, 


Action of sulphuric acid with carbonates 


If the sulphate of a metal is soluble, 
carbonate with evolution of carbon di 
Na,CO;(ag) + H5SO,(aq) —- Na,SO,(aq) 
MgCO3(ag) + H;SO;(aq) > MgSO,(aq) + 


dilute sulphuric acid readily attacks its 
oxide, e.g., 


+ H,0() + CO;(g) 


H;O() + CO 
er COs* (ag) + 2H* (aq) — H;O() + CO,(gi- Se) 


pr Y 
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If dilute sulphuric acid is added to ma I 

I rble CaCO,, however, the effery: 

s checked after a few seconds. This is because the calcium lbs Which is 
ormed is only sparingly soluble in water and soon forms a deposit on the surface 
of the marble, separating it from the acid and checking the action. 


c acid as an oxidizing agent 
cid acis as an acceptor of electrons. When 
as its principal reaction: 


Concentrated sulphuri 
Like all oxidizing agents, sulphuric a 
hot and concentrated, the acid shows, 
2HjS0,(aq) + 227 — S0,- (aq) + 27200) + SOx(g) 
The electrons are supplied by the reducing agent concerned in the reaction, This 
may be a metal, such as copper or zinc: 
Cu(s) (or Zn) > Cu?*(aq) (or Zn?*) + 2e~ 

The metallic ion is left associated with the SO,?~ ion as the corresponding 
metallic sulphate, and the reaction is usually written in a single equation, as: 

q) — CuS0,(aa) (or ZnSO.) F 2H,0() ++ SOx(9) 


Cu(s) (or Zn) + 2H2S0.(@ 
The non-metals, carbon and sulphur, are also oxidized by the hot, concentrated 
acid to give sulphur dioxide or carbon dioxide. 
S(s) + 2H2S0.(a0) > 2H;0() 4- 3SOx() 
C(s) + 2H2S0,@9 > 2H;0(D) -+ 2SO,(g) + CO2(8) 
off may be detected using a strip of filter paper 


The sulphur dioxide given 
hromate which turns green. 


moistened with potassium dic 
phuric acid possesses an affinity for water 


The acid has a great affinity for water. The two; when mixed in equal volumes 
atroom temperature, may give à liquid whose temperature is as high as 120 *C. 
This indicates chemical reaction, and the heat is due to the hydration of the 
ions which result froi It is very important when mixing 
the acid with water to a and NEVER the water to the acid. 


Concentrated sul 


m the H2504 molecule. 
dd the acid to the water 


NOM 
after exposure to air 
for about three weeks 


exposure to sir 
just beginning 
Figure 176 


d as the acid enters t prevent formation of a 


It is necessary to stir the liqui 
lower layer of acid. , zs DEM 
ic acid i ay it absorbs water-vapour 
Concentrated sulphuric acid is hygroscopic slt à 
out of the air, increasing in bulk and becoming Ute. This can bé shown by the 
2 for which Figure 176 is sufficient explanation. The con- 
oxide, chlorine, hydrogen 


following experiment a.g sulphur di 

centrated acid is used for drying gases, ego 9 Fs. ; 

chloride. ea be used to dry 2 reducing BaS like hydrogen sulphide, or an 
cid for water that it can 


alkaline gas like ammonia. ted sulphuric ai 
S 5 itv of concentrate 
o great is the affinity of Co" om them the hydrogen and oxygen 


decompose many compounds by 1€ noving fr 
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necessary to form water, with which it then combines. This is called a dehydrating 


action. 


gc ..—————————— MSS 


Experiment 152 


Dehydration of sugar by concentrated sulphuric acid 


Place about two or three Spatula-measures of 
sugar in a 450 cm? beaker and cover it with 
water. Place the beaker in a trough, for safety, 
and pour in a steady stream of concentrated 
sulphuric acid. The Sugar is charred and a 
spongy black mass of charcoal rises, filling the 
beaker Steam is given off and the whole mass 
becomes very hot. 

The acid has taken out the e/ements of water 
from the sugar leaving a black mass of carbon. 
€12H22011(s) (+ nH;S0,()) —> 

12C(s) + (11H20(1) + nH280,(aq)) 


Experiment 153 


A similar action is the explanation of the very 
marked corrosive action of the acid on cloth, 
e.g., cotton. Cotton is largely cellulose, whose 
simplest formula is (C6H1005)n- 


CsH:90; (s)(+ nH2S0,(I)) — 
6C(s) + (5H20(1) + nHzS04(2q)) 
and a hole appears in the cloth. Similar reactions 


account for its rapid and serious burning of the 
skin. 


Dehydration of oxalic (ethanedioic) acid by concentrated sulphuric acid 
HL I er NE dnt ede RE 


Place a little oxalic acid in a test-tube, add a 
little concentrated sulphuric acid and 
gently. Effervescence occurs, Apply 
Splint to the test-tube, The gas bur; 
blue flame, 
given off, E; 
into lime- 


warm 
a lighted 
nS with a 
Showing that carbon monoxide is 
xtinguish the flame and pass the gas 
water held in a boiling-tube. The 


Uses of sulphuric acid 
The uses of sulphuric acid in appro 


For fertilizers, 
facture, 


In 


turbidity shows that carbon dioxide is also 
present. The reaction is of the same type as those: 
above, and it is used for the laboratory pre- 
paration of carbon monoxide (see page 315). 
H2C20.(s) + H2SO4(1) —> 

CO(g) + CO2(g) + (H20 + H2SO,(aq)) 


priate order of significance are given below. 
such as ammonium sulphate, and for ‘superphosphate’ manu- 


In the manufacture of paints and pigments. 
natural and man-made fibre manufacture. 


For the production of other chemicals such as metallic sulphates, 
acid, hydrofluoric acid, and plastics. 


hydrochloric 


In the manufacture of detergents and soap, 


In the extraction of metals, 
Clean metallic surfaces, 


and metal manufacturing including ‘pickling’ to 


Experiment 154 


Test for sulphuric acid and soluble sulphates 


To a little dilute sulphuric acid in a boiling-tube 


add dilute hydrochloric acid and barium 
chloride solution, (Barium nitrate solution and 
dilute nitric acid are also often used.). A white 
precipitate of barium sulphate is formed which is 


he , 
TIMES uer 


insoluble in excess acid, This is the ch; istic 
test of any soluble sulphate. oa. 


BaCis (aq) + H3S0,(aq) —> 
2HCi(aq) + BaSO,(s) 
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Methods of preparation of sulphates 


These are fully dealt with in Chapter 24, pages 274-5. Briefly summarized they 
are: arized 


(1) By the action of sulphuric acid on a metal 
Dilute acid 
Fe(s) + H4SO,(ad) — FeSO,(aQ) + H(g) 
iron(ID 
sulphate 


Zn(s) + H2SO,(aq) — ZnSO.(aq) + Hag) 
zinc) 
sulphate 


Hot concentrated acid 
Cu(s) + 2H2S0. — CuSO,(aq) + 2H;0(I) + SO;(8) 


(2) By the action of dilute sulphuric acid on the oxide, hydroxide, or carbonate 
of the metal 
For example: —CuO(S + H,SO,(aq) — CuSO,(aq) + H;O(l) 
Zu(OH);(s) + H2S04(ag) — ZnSO, (aq) + 2H;0() 
Na,CO,(s) + H,S0,(aq) —> Ne;SO«(n9) + H,0() + CO;(9) 
sulphate 
(3) By double decomposition 
This is limited in application to the preparation of insoluble sulphates. Only 
two common sulphates are insoluble, barium(II) sulphate and lead(II) sulphate. 
(Calcium(1I) sulphate is sparingly soluble.) 
Pb?*(ag) + S04- (aq) > PbSO,(s) 
Ba?* (ag) + SO;?- (aq) — BaSO,(s) 


Aluminium(lll) sulphate Al.(SO.)s-18H20 

This is a white solid. It is conveniently prepared by dissolving the oxide or 
hydroxide of the metal in dilute sulphuric acid, leaving the acid in slight excess 
to counter hydrolysis. The sulphate can be obtained by evaporation to small 


bulk and cooling, but i 
2A\(OH);(8) + 3H,SO,(aq) — Al,(SO,)3(aq) + 6H200) 
nly encountered in the form of potash alum, one of an 


It is most commo 
important group of salts called the alums. 


The alums 


These are double salts of general formula 
x,S0,Y4802.4H,0 or Xx Y**(50;?-),.12H,0 
X is Na, K, or NH, 
m i Y is Fe(III), Al, or Gr 


(Note that X is a monovalent and Y a trivalent metal) 


416 A New Certificate Chemistry 


The alums crystallize well from water. They all have similar crystalline shapa 
consequently crystalline layers of different alums may be deposited on On 
another to produce large, composite crystals with layers of varying colours. 


The two commonest alums are: 


Potash alum K,S0,.A1,(SO,)3.24H,0 (colourless) 
Tron(IIl) alum (NH,),S0,.Fe2(SO,)3.24H,0 (purple) 


Preparation of potash alum 


(This is commonly called sim 
sulphate are weighed out ap 
masses 


ply ‘alum’,) Potassium sulphate and aluminia 
proximately in the proportions of their form 


K250; : AL(SO;),.18H;O 

174 g 666g 
i.e., 8.7 g and 33 g. These amounts are 
possible. In the case of the aluminit ' 
ed with dilute sulphuric acid. The ho! 
On cooling, colourless alum crystals 
h cold distilled water, and dried. 


Use, say, one-twentieth of these figures, 
dissolved, with heat, in as little water as 
salt, the water should be slightly acidifi 
Solutions are then mixed and stirred. 
separate out and are filtered, washed wit 


Ammonium sulphate (suiphate of ammonia) (NH;);SO, 


This compound is very widely used as a nitrogenous fertilizer, It may be made 
in the laboratory by neutralization of dilute sulphuric acid with smimouia (or 
274). In industry, it is produced by the action of ammonia and carbon dioxi 
on the mineral ‘anhydrite’, calcium sulphate, in the presence of hot water. 


CaSO(6) + 2NH,(aq) + CO;(g) + H90(l) — CaCO,(s) + (NH.),S0, (a0) 
The calcium carbonate is filtered off and the ammonium sulphate crystallized. 


Potassium sulphate K:SO. 


This compound may be prepared in the laboratory by neutralization of potas- 
sium hydroxide solution by dilute sulphuric acid (page 274). In industry, it 1$ 
usually prepared by heating potassium chloride with concentrated sulphuric 
acid at a very high temperature. This reaction is not possible in normal labora- 
tory apparatus. 


2KCK(s) + HSO,() > K5SO,(s) + 2HCl(g) 


Unlike most soluble sulphates, it erystallizes without water of crystallization. 


Sodium sulphate Na;SO, 

This salt is usually met with in the form of transparent Crystals of the deca- 
hydrate Na;SO, 10H,O, Glauber's salt. In the laboratory, it may be made by 
neutralizin i i i phuric acid (page 274). In 
with concentrated sulphuric 
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Calcium sulphate CaSO. 
This salt occurs naturall; i 
y as anhydrite CaSO,, and 
the use of anhydrite in making sulphuric acid "gs Demo cn E 
pages 411 and 416. sake 
Gypsum is chiefly employ 


Plaster of Paris (CaSO.) .H:O 
Calcium sulphate hemihydrate. This compound is made by heating gyps 
um 


in large steel vessels of several tons capacity. The F 
I reral tons, - gypsum is sti 
ically and the temperature 1s maintained between 100 °C Jus uon mechani 


2(CaSO,.2H0)(s) —> (CaSO.)2.H2O(s) + 3H,0(g) 
pl i 


ed for the manufacture of plaster of Paris 


laster of Paris 


When mixed with water, plaster of Paris sets to a hard interlacing mass of fi 
needles of gypsum, expanding at the same time. It is used for makin ie for 
statuary (ihe expansion during setting ensures a fine impression), in sa 2 T 
maintain joints in a fixed position, and in cements and wall-plasters. E2391 


Magnesium sulphate MgSO. 
Magnesium sulphate heptahydrate MgSO;.7H;O is the familiar substa. 
‘Epsom salt’, which occurs naturally in springs at Epsom and elsewhere nee 
usually prepared from the mineral, kieserite MgSO,.H,0, found at TS 
It acts as a mild purgative- S Oa 

In the laboratory it may be prepared by the method described on page 271. 


Zinc sulphate ZnSO. 
encountered as the heptahydrate ZnSO;.7H;O, ‘white 


This salt is usually 
vitriol’. It can be prepared in the Jaboratory from zine, zinc oxide, or zinc 
carbonate, and its preparation is fully described on page 271. 

Its transparent crystals are very soluble in water (138 g in 100 g water at 
10 °C) and the salt is used as an emetic and for tbe treatment of certain skin 


diseases. 
tron(Il) sulphate FeSO; 
Iron(II) sulphate heptahydrate FeSO,.7H20 is known as ‘een Vitiiol’. Tt is 
usually prepared in the laboratory by the action of iron (wire, tilings, or borings) 
cn dilute sulphuric acid (page 271). ; 

i on the mineral, 


In industry, it is obtained by the action of air and water 
iron pyrites (iron 1) disulphide) FeS;. 

2FeS,(s) + 7028) + 2H,0() — 2 

lcuric acid is neutralized by scrap iron and the iron 


FeSO,(aq) + 2H5SO0.(aq) 
I) sulphate is 


The sul 
crystallized. 
Fels) + HaS0«(29) > FeSO,(aq) + P28) 


es its water of crystallization, the original 


Action of heat 
irty-yellow anhydrous solid. 


On heating, iron(II) sulpha 
green crystals being convert 


te first los 
ed into ad 


418 A New Certificate Chemistry 


; A e a edl 

When more strongly heated, it gives off sulphur dioxide (test — paper c 
in potassium chromate solution turns green) in addition to white Hee 5 
sulphur trioxide, and leaves a reddish-brown solid, iron(!II) oxide ex x 
‘Jewellers’ rougo’. This ie used in pigmente (venetian rad, red ochre) and a3 
Polishing powder. 


2FeSO,(s) — Fe;Os(s) + SO,(g) + SO;(g) 


Sulphuric acid was prepared by Glauber (1648) by distilling iron(IT) Se 
viystals. The sulphur trioxide given off in the second stage reacted wit 
water driven otf in the first, 


HOM + SOs(g) — H;SO;(aq) " 
Tron(II) sulphate is uscd in the brown ring test for nitrates (page 440) and i 
gives a similar coloer with nitrogen oxide (page 434). sip by 
Like all iron(II) salts, iron(II) sulphate is a reducing agent, DT 
electron loss, which converts iron(II) ions, Fe?*, into iron(II) ions, Fe : The 
example, it reduces nitric acid to nitrogen oxide and chlorine to its ions 
two oxidizing agents accept the electrons lost by the iron(II) ions. 


6Fe**(aq) + 6H*(aq) + 2HNO,(aq) —> 6Fe** (ag) + 4H,O() + 2NO() 
2Fe?*(aq) + Cla(g) — 2Fe3+(aq) + 2CI-(aq) 


The iron(IT) sulphate is usually used in solution in dilute sulphuric acid t? 
prevent hydro’ sis, 


When exposed to air, iron(IT) sulphate crystals become covered with : 
brownish de “sit of'a basic iron(IIT) sulphate, by à reaction of the type: 
12K 0s 


(S) + 6H,0(!) + 30,(g) — 4{Fe,(SO,)3.Fe(OH)s (S) 


(from the air) 


Large quantities of iron(1I) sulphate are used with gallic acid in the mant- 
facture of ink. This recipe 


has been known for more than 2000 years. 
Iron(lll) sulphate Fe;(SO.), 


This salt may be prepared by oxidizing iron(IT) sulphate by nitric acid in the 
Presence of sulphuric acid (equation above). " im- 
It forms alums, for example K,SO,.Fe;(SO;),.24H;O, which are more 


portant than iron(III) sulphate itself, because they can be more readily purified 
by crystallization, 


Copper(lI) sulphate (cupric sulphate) CuSO, 


“Blue vitriol? CuSO,.5H50 is copper(II) sulphate pentahydrate, The preparati oF 
of the salt from copper is fully described on page 271; it may also be alte 
from the oxide or carbonate of the metal and dilute sulphuric acid (page 275)- 
On the large scale, it is made by first heating scrap copper with sulphur, 
Cu(s) + S(s) > CuS(s) 
hen oxidizing the sulphide by heating it with access of air. 
CuS(s) + 204(g) > CuSO, (s) 
The sulphate is then crystallized, 
When heated, the pentah ydrate loses water of 
White anhydrous copoer(1T) Sulphate (page 754), 
CuSO,.sn Ot 


and th 


crystallization and leaves 


3) — CuSO, /s) + 5H,O(g). 
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The formation of the blue pentahydrate from the anhydrous salt is used as a 


test for the presence of water. 


Use. Copper(II) sulphate is used in making washes such as ‘B 

e ordi i ^ 
( parts of lime and 16 parts of copper sulphate in 1000 parts bic uS 
in spraying vines and potatoes to kill moulds which would injure the plants I 
is also used in the manufacture of certain green pigments. dt 


Sulphites 


The general properties of sulphites are discussed on page 405. 


Calcium hydrogensulphite, Ca(HSO0:): 


This is prepared by passing sulp 
lime and water) and is used for 


hur dioxide into milk of lime (a paste of slaked 
bleaching the pulp in paper-making. 


Ca(OH)3(s) + 2805(g) — Ca(HSO); (aq) 


Questions 
1. Give an account of the preparation and 
Properties of hydrogen sulphide, 

If a specimen of hydrogen sulphide were 
contaminated with hydrogen, how could you 
Obtain the hydrogen sulphide fice from 
hydrogen? (CJ 
2. Starting from sulphur, describe how you 
Could prepare specimens of (a) plastic sul- 
phur; (b) sulphur dioxide; (c) sulphar tri- 
Cxide; and (d) hydrogen sulphide. (J.M.B.) 


3. Starting with roll sulphur, how would you 
Prepare: (a) Rkombic crystals of sulphur? 
(b) Monoclinic (prismatic) crystals of sul- 
Phur? (c) Plastic sulphur? Ware 
Mention two other elements which, like 
sulphuz, exist in more than one variety. (C.) 
4. Describe one laboratory method. of pre- 
Paring and collecting hydrogen sulphide, and 
mention a suitable dying agent. What is the 
effect of passing hydrogen sulphide into 
Solutions of (a) copper(™) sulphate; (5) 
iron(II) chloride; (c) chlorine; (d) am- 
monia; (e) litmus? 
d Briefly describe what hi 
rogen sulphide burns in 
(6) a deficit of air. 


5. Give an account of the important propert- 
ties of hydrogen sulphide. A specimen of ie 
Bas prepared from iron(11) sulphide is foung 
en analysis to contain 10% by volume T 
free hydrogen, Assuming that the iron( 
Sulphide contained no other impurity than 
metallic iron, calculate the percentage of 
tee iron present. (L.) 
». From what sources is sulphur obiained? 
ow can sulphur be used for the preparation 
f (a) sulphuric aci d? 
-and C.) 


appens when by- 
O excess of aif; 


d; (b) sulphurous act 


7. How would you prepare in the laboratory 
hydrogen sulphide gas? Sketch tne appara- 
tus. What is the effect of the gas on (a) a 
solution of lead nitrate; (4) sulphur dioxide; 
(c? bromine water? (J.M.B.) 


8. Give a short account of the chemir.l 
reactions which take place in the manu- 
facture of sulphuric acid. 

Describe experiments illustrating the a-tien 
of this acid on metals, (O. and C.) 


9. Describe the properties of sulphuric acid. 

Why is this compound regarded as (a) an 
acid; (b? a dibasic acid? (O. and C.) 

10. How would you prepare a quantity of 
dry sulphur dioxide? How may it be shown 
that the formula for this gas is SO2? (J.M.B.) 
11. Describe briefly two distinct methods 
which could be used for the preparation of 
sulphur dioxide. bir 

How is sulphur dioxide converted into 
sulphuric acid in the 'contact" process? 

What simple experiment shows that 
sulphur dioxide contains its own volume of 
oxygen? 

12. Describe the preparation and collection 
of dry sulphur dioxide in the laboratory. 
Mention, without giving details of the manu- 
facturing plants, how it is prepared ou the 
industrial scale. What is the action of sulphur 
dioxide on (a) water; (b) oxygen; (c) chlor- 
ine; (d) hydrogen sulphide; (e) nitroge? 
dioxide? 

13. Describe the preparation and collection 
of sulphur dioxide. Describe an experiment 
to show that sulphur dioxide contains its 
own volume of oxygen. What additional 
information would you require in order to 
determine ihe molecular formula of sulphur 
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dioxide? Show clearly how you would use 
the results of the experiment, and the addi- 
tional information in determining this 
formula. (J.M.B.) 


14. Describe the reaction which takes place 
when copper is heated with concentrated 
sulphuric acid. The resulting gas is passed 
into (a) litmus solution; (b) chlorine water; 
(c) a solution of hydrogen sulphide. What 
would be observed in each case and what 
ex `lanations would you give of the results 
obtained? (L.) 


15. Describe fully how to prepare and collect 
in the laboratory sulphur cioxide from sul- 
Phuric acid. How would you show the action 
of this gas on (a) chlorine water; (6) moist 
hydrogen sulphide? 
What takes place when a solution of the 

gas is allowed to stand in contact with air? 

. Explain the above reactions by equations 
or otherwise. (J.M.B.) 


16. What is meant by the term allotropy? 
Describe the preparation of two allotropic 
forms of sulphur. 

Starting from sulphur, how would you 
obtain fairly pure Samples of (a) sulphur 
dioxide; (6) sulphur trioxide? (W.) 


17. Describe, with a diagram, how you 
would prepare and collect hydrogen sulphide 
in the laboratory, 

Describe how hydrogen sulphid, reacts 
with (a) sulphur dioxide; (6) iron(fIT) 
chloride solution, 

When electric sparks from an induction 
Coil are passed for some time through a 
volume of hydrogen sulphide the gas is 
decomposed, Sulphur is deposited on the 
sides of the Vessel and on cooling to the 
original conditions hydrogen remains, the 
volume of Which is equal to that of the 
hydrogen sulphide. The vapour density of 
the hydrogen Sulphide being 17 calculate 
from these facts the formula of hydrogen 
Sulphide. (H, 1; S, 32.) (J.M.B.) 


18. Explain the construction and the work- 


ing of a Kipp's apparatus for neratin 
hydrogen sulphide. Describe and CER the 
effect. Of passing the gas through aqueous 
solutions of (a) copper(I) sulphate; (6) blue 
litmus; (c) chlorine. What happens if the 
resulting solution from (b) is boiled? (Ly 


19. How would you prepare a 

1 sampl 

Pure dry sodium sulphate starti; peot 

sons pe sodium hydroxide 
4c * How, and under what iti does 

hydrogen Sulphide react SP 

dioxide, (b; 


20. Write equations for the reaction occur- 
gene a) hydrogen sulphide is bubbled 
Ch ou solution of sulphur dioxide: 

xide; 


(6) sodium hydrogencarbonate is heatedi 
(c) concentrated nitric acid is added 
copper. (S.) 


22. Give a reaction by which gares 
sulphide can be conveniently prepared in d 
laboratory. Neither dastams nor meN!o! 
collection are required. D 
Describe the reactions of hydrogen suk 
Phide with three of the following: (i) a 
oxygen, (ii) chlorine, (iii) zinc sulphate jol d 
tion, (iv) concentrated nitric acid. Why bi de^ 
important to BEN ECL EE sulp! 
from town gas or coal gas? a " 
The ADU SUD sulphur dichloride da 
oxide (formula SO;C!;) reacts readily Mec 
cold water to give a solution cond 
sulphuric acid and hydrochloric DUREE 
the equation for this reaction and cal 
the volume of 1M sodium hydroxide n s 
to neutralize the solution. formed when pnp 
tenth of a mole of sulphur dichloride dioxi 
reacts completely with water. (C.) 


i ield 175 
23. 0,625 grammes of a minera! yield 
cm? of oon sulphide measured. at BED, 
after suitable treatment. Calculate the pe! 
centage of sulphur in the mineral. (S.) 


24. Describe what you would see and m 
equations for the reactions which een 
when hydrogen sulphide reacts with (a) 8 
excess of air, (6) chlorine water, (c) m 
nitrate solution, (d) iron(II) chloride so 
tion. 

In each case state, giving a reason, whether 
the hydrogen sulphide is acting as A 
oxidizing agent, a reducing agent, Or 
neither of these. (J.M.B.) 


25. Hydrogen sulphide is usually prepared 
in the laboratory by the action of hydr 
chloric acid on iron(II) sulphide. ra 
(a) Give a diagram of an apparatus 
y preparing hydrogen sulphide by BAS 
which a supply of the gas is availa! A 
whenever required. Explain briefly 
how the apparatus works. E 
(b) What is the approximate concentration 
of the acid used? J 
(c) Give the equation for the reaction. 
(d) Indicate how one main impurity can 
be removed from the gas. 
(©) Calculate the volume at s.t.p. of hydro- 


gen sulphide which can be obtained 
by using 11 g of iron(II) sulphide. 
Give two reactions in which hydrogen 
Sulphide acts as a reducing agent, explaining 
why hydrogen sulphide is considered to be a 
reducing agent in each reaction. (A.E.B.) 


26. Write an equation for the reaction and 
State the colour of the precipitate when 
hydrogen sulphide is passed into solutions of 
(©) copper(I) sulphate, (b) zinc sulphate. (S.) 
21. Describe in outline the chemistry of the 
industrial preparation of sulphuric acid 
from sulphur. Give one example to illustrate 
each of the following uses of sulphuric acid: 
(a) as a source of hydrogen; (b) as an oxidiz- 
ing agent; (c) as a dehydrating agent. H 
28. Sulphuric acid is now made from sulphur 
dioxide. oxygen, and water by the ‘contact 
Process’, (a) Why must the gases be purifi 
and dried first? (6) How is the pinang 
done? (c) State the conditions under Sen 
sulphur dioxide and oxygen are made 


ii ich it acts às an 
agent, (iii) one reaction 10 whi 
oxidizing explaining why you 
this ne odas oxidation. (A.E.B.) E 
i ite 
29. Draw a fully labelled diagram an wri 
an oguaton tar dE 
jon and col 
ond sulphuric E Hoe 
Us ilr 
Wi (a)! E eae (b) nitric acid, (c) hydro- 
gen sulphide? (J.M.B.) 
30. A pupil added concentrated sulphuric 
acid to a substance and noted that a colour- 
less gas was given off which decolorized 
bromine water. He eet ul qo Ed ps 
s sulphur dioxide, and (ii) that the supa 
tionide had beer produced by the reduction 
of the sulphuric acid. ; 
in 
(a) He may have been wrong 
conclusion. Why? 


his first 
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& pungent smelling gas was given off. 
What is this gas? (iii? A solution of 
sulphur dioxide in water was warmed 
with a little nitric acid. Barium 
chloride solution was added and a 
white precipitate was formed which 
did not dissolve when dilute hydro- 
chloric acid was added. What is the 
precipitate? What happened to the 
solution of sulphur dioxide when it 
was acted upon by the nitric acid ? 

(d) Name two substances which are used 
for the manufacture of sulphur di- 
oxide in industry. (Scottish.) 


31. By meaus of a labelled diagram together 
with an equation for the action, show how 
you would prepare sulphur dioxide. 

Describe, including any changes you 
would see, the reactions that occur (a) when 
a freshly prepared solution of sulphur di- 
oxide in water is: (i) allowed to stand in an 
open beaker for a few days, (ii) added in 
excess to a solution of iron(II) sulphate, 
(6) when a gas-jar of sulphur dioxide is 
shaken with a few cubic centimetres of 
bromine water. (C.) 


32. Write an equation for the production of 
sulphur dioxide by roasting iron pyrites 
(FeS;) in an excess of air, and outline 


How would you use (i) hydrochloric acid, 
Gi barium chlorides (i), hydrochlorig acd 
Valium sulphite and sodium sulphate? (O.) 
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(6) It is necessary to make certain that the 
apparatus and gases are completely dry 
during the preparation of sulphur trioxide. 
Suggest one reason why this is so. 

(c) Platinized asbestos is finely divided 
platinum supported by asbestos wool. What 
is the function of the platinum and why is it 
‘finely divided’? 

(d) In what ratio by volume would you 
#rrange for the oxygen and sulphur dioxide 
to mix during the preparation of sulphur 
itioxide? Explain your reason for choosing 
this volume ratio. 

(e) Sulphur trioxide dissolves in water to 
Produce dilute sulphuric acid. Write the 
equation for this reaction. What tests would 
You carry out on the resulting liquid to show 
that dilute sulphuric acid had been formed ? 

(f) What is the maximum number of 


moles of sulphuric acid that could bec 
tained from 0.1 mole of oxygen an and 
unlimited supply of sulphur dioxide 
water? (L.) 


35. How may sulphur be converted: into” 
sulphuric acid? Describe two resco 
each case which show that sulphuric ac! i 
react as (a) an acid, (b) an oxidizing a 
(c) a dehydrating agent. (S.) E 
36. Describe, with equations, one mos 
for the manufacture of sulphuric acid n 
sulphur. No description of the indus! 
plant is required. MES l 

Describe how you would obtain in (5 y 
laboratory dry crystals of sodium sulp ith 
Na;SO.0H;O. You are provided T 
dilute aqueous solutions of sulphuric & 
and sodium hydroxide. (O. and C.) 


34 Nitrogen and its 
Compounds 


Nitrogen 

Occurrence 

About four-fifths of the atmosphere is free nitrogen. The element ours 

combined in the form of sodium nitrate, Chile saltpetre NaNO, as « nuoeral 
ties as 


deposit in Chile, and distributed everywhere in the soil in minute quar 
ammonium sulphate (NH4);SO,, and sodium nitrate NaNO;, potassium nitrate 
KNO,, and calcium nitrate Ca(NO3);. (The very great importance of these 
compounds of nitrogen in maintaining the fertility of the soil is discussed on 


page 443.) 
Combined nitrogen is always found as a constituent of the living » «(ter of 


plants and animals. 


Preparation of nitrogen from the atmosphere 

The most important gases present in dry air are oxygen, about 21% b, ume, 
carbon dioxide, about 0.03% by volume, and ‘atmospheric nitrogen about 
79% by volume. The first two of these gases can be removed and the nitrogen 
collected by the apparatus of Figure 177. 


Figure 177 


The equations are: 
Absorption of carbon dioxide 
2NaOH(aq) + CO;(g) — Na;CO;(aq) + H,0() 


MN Absorption of oxygen 
2Cu(s) + Og) — 2-vO(s) 
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If the nitrogen is required dry, it may, 


through a U-tube containing glass 


passed 


after leaving the heated copper, be 


jphurio 
beads wetted with concentrated suiphu 


acid to dry it and then collected in a syringe, - 


The product of this experi 
volume of the *noble gases’, 
by chemical methods. The pi 
denser than the pure gas, 


Another method of preparing “atmospheric 
dioxide and oxygen together by shaking air 


sodium hydroxide sol 

and the pyro, 
This method is, however, 

of ‘atmospheric nitrogen’, 


Experiment 155 
Preparation of nitrogen 
(ammonium nitrate(!1)) 


c o} by 
ment is not pure nitrogen. It contains about 1 Pe d 
chiefly argon, the removal cf which is not h Secs 
resence of these gases makes ‘atmospheric ni 


n 
nitrogen is to absorb both d 
with a solution of pyrogallo? 


5 joxide 
ution. The sodium hydroxide absorbs the carbo ae : 
gallol absorbs the oxygen to form an oxidation produca amples 
only suitable for the preparation of sma 


T itrite 
by the action of heat on ammonium ni 


Figure 178 


A solution of ammonium nitrite readily de- 
composes on slight warming to give nitrogen. 
This decomposition occurs slowly at ordinary 
ratures, so that neither ammonium nitrite 
elf, nor its solution in water, should be kept in 
Stock, The compound is Prepared as required 
‘y a double decomposition Teaction between 
Sodium nitrite and ammonium chloride. 


NaNO, (aq) + NH;Cl(ag) —> 


9g 52.5 g 
NaCi(aq) + NHNO; (aq) 
ammonium 
aon t nitrite 
NF o d. A 


; ro- 
Weigh out the two compounds in EA of 
Portions, 14 g of sodium nitrite and ados 
ammonium chloride will be suitable ma: 2d 
Place the compounds in a round fos in 
350 cm? of water, fit up the BPP a tion 
Figure 178, and heat gently. As the so s 
becomes warm, rapid effervescence occurs 


over 
the nitrogen evolved may be collected 
water. 


NH4NO;(aq) —> N2 (9) + 2H;0() 
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Passing ammonia gas over heated:copper(ID) oxide (see page 429). 
2NH,(g) + 3CuO(s) > 3Cu(s) + No(g) + 3H;O(g) 


Reduction of oxides of nitrogen by heated copper, €-g-, 

2Cu(s) + 2NO(g) — 2CuO(s) + Na(g) 
_These methods are all much less convenient than the heating of ammonium 
Nitrite. 


Industrial manufacture of nitrogen 

Nitrogen is obtained in industry by the fractional distillation of liquid air. 

The air, liquefied by the method described on page 284 for the industrial prepar- 

ation of oxygen, is distilled under controlled conditions when nitrogen (boiling 

point 77 K at standard atmospheric pressure) is evolved. Since the boiling point 

of oxygen is higher than this (it is 90 K at standard atmospheric pressure) a 
d oxygen is readily achieved. The separ- 


complete separation of the nitrogen ant 
ated nitrogen is reliquefied and stored in specially designed containers ready for 


use. It is also sold as a compzessed gas. 


Tests for nitrogen 


At ordinary temperatures, 
applied. We can only show a 
possibilities. 

Liglited splint. Place a lighted splint into a gas-jar of the gas. It is extinguished 
and the gas does not burn. It cannot, therefore, be any gas which supports 
combustion, e.g. OXYBe» dinitrogen oxide, or any combustible gas, e.g., hydro- 
gen sulphide, carbon monoxide, hydrogen. | 4 

Smell. The gas has no smell. This distinguishes it from gases such as sulphur 
dioxide, ammonia, hydrochloric acid gas. ; Pop 

Action of lime-water. After the above tests the only gas with which nitrogen 
may be confused is carbon dioxide. To distinguish it from this, add lime-water 
and shake. Nitrogen leaves the lime-water unchanged; with carbon dioxide, the 


lime-water is turned milky. 


nitrogen is so inert that no positive tests can be 
given gas to be nitrogen by elimination of other 


Properties of nitrogen 
rless and odourless. It is slightly less dense than air and only 
water (about 2 volumes of the gas dissolve in 100 volumes of 


of much research, it has been made to co 


ammonia. 
Ng) + 3H;(g) = 2NHs() 
For this reaction applied in Haber's Process, se page188. —. y 
Nitrogen will combine di with many metals forming nitrides, e.g:, 
3Mg(s) + Nile) > Mgs Né) 

nitride 


some magnesium ribbon in à crucible and allow the 


To illustrate this, burn i 
l d smell the mixture. The choking 


product to cool. Add a few dtops of water an 


T 
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y sium | 
olved by the action of water on the minene , 
all amount, by combination of the mag i! 


Mg;N;(s) + 6H;O(l) — 2NH,(g) + 3Mg(OH);(s) 
magnesium water i; 


ammonia magnesium 
nitride 


hydroxide 
Ammonia 


eating 
This hydride of nitrogen, NH3, can be made in very small amounts by hea 


: : à ; d name 
nitrogenous organic materials Such as hoofs and horns of animals. Its ol | 
Was, in fact, ‘spirit of hartshorn'. 


| 
Preparation of ammonia salt 
E jum S 
Ammonia may be prepared in the laboratory by heating any Sr 
with an alkali, Usually a mixture of ammonium chloride and calcium e thor- 
(slaked lime, the cheapest alkali) is used. Both are solids so they mus 


2 5 1 H occur 
oughly ground first to give a very fine mixture in which the reaction can 
satisfactorily. d 


Ca(OH),(s) + 2NH,CI(s) > CaCl,(s) + 2H;O(l) + 2NH,(g) 
T4 g 2% 53.5 g 
107 g 
Experiment 156 


Preparation of ammonia from a 


mmonium chloride 
emp tee i 


MES ERT vc M Em. D MERE, 


Calcium hydroxide and 
ammonium chloride 


(21 


Iia 


Figure 179. 


An exei 
out 2 Ex the slaked lime is preferable. Weigh 
chloride He laked lime and 16 g of ammonium 
Place it i vind the mixture well in a mortar, 
Setup a n a round flask of resistance glass and 
tha pose patatus as in Figure 179. The neck of 

cause Should slope towards A as shown, 
tün a will condense and, if allowed to 
Heat the m to the hot flask, might break it. 
dried b lask. Ammonia gas is evolved. It is 
Suickii y a rather unusual drying agent, 
Usual us CaO, because it reacts with all the 
acid i rying agents. Concentrated sulphuric 
: is acidic and would absorb tho gas forming 

Salt, e.g., 

2NH;(g) + H,SO4(I) —> (NHa)2S04(5) 

While it reacts with calcium chloride, forming 
Solid complex compounds. &.9- 
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Ammonia is less dense than air and very 
soluble in water, SO it is collected as shown by 
upward delivery. 

Instead of calcium hydroxide, sodium hydrox- 
ide (or potassium hydroxide) solution may be 
used, in which case the flask would be placed 
in the vertical position and heated on a tripod 
and gauze. 

NaOH(aq) + NH.Cl(s) —- 

NH3(g) + H20(1) + NaCl(aq) 
or OH-(aq) + NHa*(s) — NHs(g) + H20(!) 

Ammonium sulphate may be used instead of 
ammonium chloride. 

Ca(OH)2(s) + (NHs)2S0.(s) —> 
CaSO.(g) + 2H20(!) + 2NH3(g) 


2NaOH (aq) + (NHs)2S04(s) —> 
NazSO.(aq) + 2H20(I) + 2NHs(g) 


CaCl, (s) + 4NHs(g) => CaCl,.ANHs(s) 


Ammonia gas in quantity 


If several gas-jars o! 
heating a concentra! 
taining the ammoniu 
replaced by à vertical 
N.B. This is noi 
obtaining the gas 


Manufacture of ammonia 


f ammonia are required, it is ve 
ted solution of the gas in water. 
m chloride and slaked time in t 


| flask containing a coni 
t, strictly speaking, a preparat 
from its solution in water. 


industrial scale by t 


ry convenient to fill these by 
In this case the flask con- 
he previous experiment is 
centrated solution of ammonia. 
ion of ammonia gas but merely 


he Haber Process, which is 


Ammonia is obtained on an i 
on of nitrogen and hydrogen: 


based on the direct combinati 


This reaction, which is a reversible one, requires 
a to be obtai 


mum yield of ammoni 


factors involved in dete 
(see page 188), and it is S 
hydrogen are dried, an 


ined at an eco 
determining these conditions have already 
; sufficient simply t. 
d mixed in volume prop 

(usually between 200 and 500 atmospheres) and are 


N(g) + 3HX(9) = 2NHs(8) 


special conditions for an opti- 
nomically desirable rate. The 
been fully discussed 
o restate them here, The nitrogen and 
ortions of 1 : 3 respectively at a 3 


ith alumina) 


lati igh pressure Seah 
pal pots IT (of finely divided reduced iron impregnated wi 
50 °C (723 K)- The ammonia produced is liquefied by 


of 4 


at a temperature 
stored for further use. 


refrigeration and 


Tests for ammonia 
ic chokin, 


Smell. A characterist! 
ily paraly: 


that the gas temporary 
uantities, the £ 


ch 
ecked. In large qu: tbe esb 


always be treated wit 
towards the nose with the hand. 


Action with litmus. Expose 
blue. Ammonia is the only co! 


g smell. The choking sm 
ses the respiratory muscl 
as causes asp! 
ould be sni 


damp reo 
mmon alkaline gas- 


ell is due to the fact 
es and breathing is 
hyxiation and it should therefore 
ffed cautiously, wafting the ga 


d litmus paper te the gas. It is tur 
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Properties of ammonia 


Appearance. A colourless gas. 

Density. Less dense than air. 
Density relative to hydrogen, 8.5, 
Density of'air relative to hydrogen, 14.4. 


—— ees eaenesssases anes neers 


Experiment 757 


Solubility of ammonia in water. The fountain experiment 


3 
dry, thick-walled flask of about 1000 SU 
capacity and pass ammonia into it 10r 
time. (It is better to supply another flask M 
fresh reaction mixture, to give off a Sape 
stream of ammonia.) Fit the flask with a s ME 
stopper carrying tubes and clips es sho’ an 
Place the tubes and clips under water, S 
clip B for a moment, close it and allow the P 
drops of . ater which have entered tomé 
down into the round part of the flask. aa 
teplace the tubes and clips under waters p 
open clip A. A fountain will at once piv uae 
sketch, and will continue until the flas! ave 
full of water as it was formerly fu 
ammonia. : e 

i "The alkaline nature of ammonia can 
eure eo shown in this experiment by adding a 2s 
litmus solution to the water in the trough Hi 
making it turn rea by the addition of a Run 
acid. When the ammonia dissolves in the lit 
solution, the latter is turned blue. 


Tne very great solubility of ammonia in water is 
illustrated in the fountain experiment (Figure 


180). Replace the gas-jar of Figure 179 by a 
——— 


= F w about 
Explanation. Ammonia has the highest solubility of all known gases (abo 


h 
800 vol. of gas in 1 vol. of water at 15 °C). The first few drops of water, mig 
entered when clip B was opened, dissolved nearly 800 times their own volume ¢ 
ammonia. This reduced the gas 


Pressure inside the flask to only a fraction PE 
former value, atmospheric pressure. As soon as the clip A was opened, the wal e 
was forced into the flask because the atmospheric pressure from outside overcam 
tie reee aos te OUGHT Bae Dese aide HE AaS "The ate?! entering dl 
a fountain, dissolved the remaining ammonia, maintaining the fountain unt! 
no air was left in the flask. (A thin-walled flat-bottomed flask must not be use 
for this experiment; the reduction of Pressure inside would almost certainly cause 
it to collapse inwards.) 


Experiment 158 


Anon of ammonia with hydrogen ehia a, 


Place a gas-jar of ammonia over 


. 8 gas-j 
hydrogen chloride, remove the NS Jar of ammoniac or a 


Verb -and mmonium chloride, on the sides 
allow the gases to mix. Dense white fürs PE of the gas-jar. 
be seen which wil! settle to a White Solid, sal. NHs(g) 4° HCI(g) —> NH,CI(s) 
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Combustion of ammonia 
s deus will burn in an atmosphere of air slightly enriched by oxygen but not 
alone. The chief products are nitrogen and water. 
4NE;(g) + 302(g) —> 2N,(g) + 6H20() 


Ammonia as a reducing agent 


paper ‘iment 159 


granular copper(Il) oxide 


Figure 181 


Set up the apparatus as shown in Figure 181. copper and has itself been o: idi: i 

The colourless liquid collecting at A is water and water. eR eel 
(for tests, see page 254) and the colourless gas 

at B is nitrogen (for tests see page 425). The 3Cu0(s) + 2NHs(g) -> 

ammonia has reduced the copper(I!) oxide to 3Cu(s) + 3H;O(I) + Na(g) 
oo eee 
monia (see above) is also an example of a reaction in 
be a reducing agent. 


oe 


The combustion of am 
which the ammonia may be considered to 


Liquefaction of ammonia gas 
Ammonia gas can be liquefied at ordinary temperatures by compression. The 
colourless liquid boils at about —33 ^C under ordinary atmospheric pressures. It 
has the peculiar property of dissolving alkali metals (without the evolution of 
hydrogen) to give blue, ing solutions. Liquid ammonia can 


strongly conducti 
behave as a poor solven! i „ys to water. 


t, similaz in many w*. M 


Uses of ammonia 
(1) Ammonia sc'ution is used in ! dry work. It removes temporary hard- 
‘ution is used in laun Ty 
Ness by precipitating the calcium ion of calcium hydrogencarbonate as chalk. 
SEEN ++2HCO,7(aq) + 20H-(aq) > CaCOx(s) + 200+ CO;- (aq) 
tion of perspiration from underclothing. 


Italso 4: 
(2) ansolves out acids left by evaporation Pr ge 437.) 
onia is converted to mare ant OF D. to be used as à nitrogenous 


G $ 
) Ammonium sulph ste is made from ammoni 
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fertilizer. This may be done by direct neutraliza 


by passing carbon dioxide and 


ization with sulphuric acid of 


ammonia through a steam-heated mixture of 


calcium sulphate (anhydrite) and water. 
CaSO,(s) + 2NH,(aq) + CO;(g) + H,O(l) — CaCO,(s) -+ (NH,).S05(aq) 


Calcium carbonate is filtered 


Arnmonium salts 


m-COrrosive chlorofluorohydrocarbons. 


Experiment 160 


Preparation of a solution of ammonium hydroxide 


ammonium chloride and 
calcium hydroxide 


Set up apparatus 
flask gently as in tho pre; 


At 0°C and ordi 
volumes of the gas, Some of this 
disturbs the ionic equilibrium in 


flask. After a time the water in tho beaker will be 
found to have acquired the smell of. ammonia 
gas which kas dissolved in it. The: solution is 
known as ammenia solution. 


nary pressure, one volume of water dissolves about 1000 
Bas reacts with protons from the water; this 


T water (page 277) and gives rise to a higher 
Concentration of hydroxyl ions than is present in pure water. 


HLO) = H*(ag) + OH-(aq) 


NHi(ag) +- 


The excess of hydroxyl ions, OH- 


wards litmus and many properti 


H*(ag) = NH,*(aq) 
» ives the solution its alkaline reaction to- 
es resembling those of the caustic alkalis 
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Na*OH- and K*OH-. Like them, it will precipitate insoluble metallic hydrox- 
ides when mixed with solutions of salts of the metals, e.g., 
3KOH(aa) + FeCl;(aq) — Fe(OH)s(s) + 3KCl(aq) 
3N4,OH(aq) + FeCls(aq) —> Fe(OH);(s) +- 3NH4Cl(aq) 
Zinc and copper hydroxides will dissolve in excess ammonia solution to give 


solutions of complex ammines. 
Ammonia solution will also neutralize acids to form ammonium salts, which 


can be crystallized out and are generally similar to ordinary metallic salts, e.g., 


NaQH(aq) + HCl(aq) — NaC\(aq) + H200) 
NH,OH(aa) + HCl(ag) — NH,CKag) + H200, 

2NaOlI(aq) -+ H,SO,(aq) —> NaSO,(aq) + 2H20(1) ) 

2NH,OH(aq) + H2SO,(aq) — (NH,)2S0,(aq) + 2H20()), 
Notice that ammonium salts are electrovalen: compounds, containing the 
ammonium ion, NH4*, in combination with a corresponding amount of an acidic 
ion, such as Cl~ or NO37. Since the ammonia molecule NH; can combine with 
a hydrogen ion (proton) by donation of its lone pair of electrons, it must be 
regarded as a base. 


NH,(aq) + H+ (aq) = NHs*(ag) (See page 430). 


Jt is a much weaker base than the hydroxide ion so ammonium salts of strong 
acids ave considerably hydrolysed in their aqueous solutions and these solutions 
show uppreciable acidity. 


Action of alkalis on ammonium salts 


Any ammorium salt. if heated with sodium hydroxide (or potassium hydroxide) 
solution or with calcium hydroxide 2nd a little water, gives off ammonia gas 
(which turns red litmus paper blue). This distinguisLes ammonium salts from 
those of any metal. 

NB,* (aq) + OH-(ag) -— NH3(g) + H,00) 


Tae a S CRM 


Experime..* 161 à 
Action of heat on ammonium salts 

T rait n di Mango ce umet a —— e 
a oa ae P 


Carefully observe the changes which take place 


along the whole length of the tube. 
mu —— 


Place a little aramonium chloride in a dry test- 


tube, and heat the tube gently below the solid. 
2 eS SS ee eS 


Usually when a vapour is cooled, it condenses first to a liquid, and, later, 

1 ilies, c.g. steam — water — ice. 

on further . ooling, solidifies, c. $ : c : è 
Ammonitim salts are always decomposed by heat and, sometimes, sublime. 

The besi example of sublimation is provided by ammonium chloride. TL» 
NAM blimation is that, on ccoling, the vapour conaenses 


characteristic feature of su I ms: ant E 
ihe Std without the intermediate liquid state. Usually, the converse is also 


imi i ted directly to vapour on heating without 
truc, that the subliming solid is conver! vith 
Pd ledio liquid stage, but in some cases (for example, ae of i 5 
eh ay occur, In the case of ammonium chloride above, a wht en imate 
of Slee a chlozide could be observed on the upper part of the tube,a region 
which is relatively cool (Figure 183). EE 
V>ry few substances sublime. Among thos 


——— 


hich sublime area few ammonium 
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eil Td E y 
salts (especi: the chloride), iodine, and naphthalene. Sublimation isa Me 
E ee d of purifying them, because their impurities are very e 
Sublime. The white sublimate of ammonium chloride in Figure 182 will 


rigure 183 


purer sample of the compound than the original maiczial used for the experiment. 
For thermai dissociation, see page 190. 


Decomposition of ammonium salts by heat. Ammonium salts of acids having 4 
high proportion of oxygen are usually decomposed by heat, e.g. 
(i) Ammonium nitrite 
NH,NO,(s) > N,(g) + 2H,0(g) 
This reaction is fully dealt with on page 424. 
(ii) Ammonium nitrate. 


NH.NO,() — N,O(9) + 2H;0(g) 
dinitrogen 


oxide 
This reaction is fully considered below. 


Oxides of nitrogen 


There are three common oxides of nitrogen: dinitrogen oxide (formerly m 
nitrous oxide) N,O, nitrogen oxide (formerly called nitric oxide) NO, à 
nitrogen dioxide or dinitrogen tetroxide NO; or N;0,: 


Dinitrogen oxide 


; ; le 
The gas may be prepared by heating any mixture of salts which, by i 
decomposition, will yield ammonium nitrate — e.g., à mixture of potassi 
nitrate and ammonium sulphate, finely ground (Figure 184). 


(NH,),SO,(S) + 2KNO,(s) —> 2NH,NO;(s) +- K2504(8$) 


" 3 1 b - idc and 
On heating, the ammonium nitrate melts and elTervesces. Dinitrogen oxide 


ass 
steam are given off. Most of the steam is condensed to water as the bubbles pas 
up the gas-jar, 


NHNO, (I) — N;O(g) + 2H,0() ; 

Ammonium nitrate itself will explode, on heating, especially if the DUE 

material in the vessel becomes very small, but the reaction is quits safe i H 

Ern nitrate is prepared by double decomposition during the preparation. 
as above. 
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Ginitrogen oxide 


Figure 184 


Test for dinitrogen oxide 
The gas rekindles a brightly glowing splint. 

I: may be distinguished from oxygen by the following tests: 

initrogen oxide has a faint sweet and sickly smell (ox: 
) as | y ] ygen has no smell). 

Invert a gas-jar of dinitrogen oxide over cold water and shake it. The level p. 
water in the gas-jar will rise, showing the gas to be fairly soluble in water. 
Oxygen is almost insoluble in water and no rise would be observed. 
) Dinitrogen oxide does not give brown fumes with nitrogen monoxide. If a 
little oxygen is bubbled up into a volume of nitrogen monoxide enclosed over 
water, brown fumes of nitrogen dioxide are formed. 


Properties of dinitrogen oxide 

neutral to litmus, and has a faint, rather sweet, sickly smell. 
bility for short periods and is used as an anaesthetic for 
minor surgical operations, such as are required in dentistry. Insensibility lasts 
for a minute or two only. The period of insensibility can be prolonged if the gas 
is mixed with about 20% oxygen and inhaled, the oxygen being necessary to keep 
the patient alive. A trace of carbon dioxide must also be present to stimulate the 
respiratory centres and maintain breathing. Patients recovering from the effects 


of dinitrogen oxide may become hysterical; hence its common name — ‘laughing 
gas’. ; 
Density. Dinitrogen oxide has a density of 22 compared with hi 
(Relative molecular mass of dinitrogen oxide = 44.) 
Solubility. The gas is fairly soluble in cold water. dn 
"Action on a glowing splint. If the splint is glowing brightly, it will be rekindled 
by dinitrogen oxide, but, if only feebly glowing, it will be extinguished. - 
'To be rekindled, the glowing portion of the splint must be hot enough to 
ide into nitrogen and oxygen. The 


decompose some dinitrogen ox : mixture x 
then be rich enough in oxygen to stimulate the combustion of the splint an 

cause it to burst into flame. A feebly glowing splint will not be hot enough to 
decompose the dinitrogen oxide, and. so will be extinguished, having no free 


oxygen with which to burn. 


The gas is colourless, 
It can produce insensi 


ydrogen. 


other oxides of nitr 


Nitrogen oxide 
i ways with K 
ied aiey reaction used is tha 


Nitrogen oxide is produced, m: t 
, action of nitric acid on most metals. The commones 


= 
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t equal in yolume to the wa 
flask is fill i 


y ich the nitrogen oxide is collected 
Seen solution of copper(II) nitrate is left in the flask. 


br ve the cover from a Bas-jar of nitrogen oxide. Reddish- 
are at once produced by oxidation of the Bas by oxygen of the air. 
2NO() + o.) 5 2NO.(g) 
Nitrogen | ge is the onl i 
Action. o; 


a cold solution of iron(U) 
i a gas-jar of nitrogen oxide, - 
caused by formation ofa black compound, 


FeSO,(aq) + NO(g) — 


(FeSO,).NO(ag) 
(The gas can be obtained 


ina Pure state by heating this compound.) 


Fropenies of nitrogen oxide 


Nitrogen oxide is colourless ang almost insoluble in water. Its density relative 
to that of hydrogen is 15; it is Slightly denser than air (density 14.4). Tt is neutral 
to litmus. 

The 


Smell of the gas is unknown because jt Combines with the Oxygen of the 
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air (see tests preceding); it can never be collected by displacement of air. In the 
lungs it would react with oxygen to produce poisonous nitrogen dioxide. 
Nitrogen oxide will support the combustion of those burning materials whose 
flames are hot enough to decompose it and so liberate free oxygen with which the 
material may combine. A splint, candle, sulphur, and glowing charcoal are all 
extinguished by the gas, but it supports the combustion of strongly burning 


phosphorus or inagnesium. 


P4(S) + I0NO(g) — P,O,0(s) + 5N;(g) 
2Mg(s) + 2NO(g) — 2MgO(s) + N,(g) 


Nitrogen dioxide 

Nitrogen dioxide is given off, together with oxygen, when nitrates of heavy 
metals are heated.-The most Suitable nitrate to use is lead(II) nitrate, because it 
crystallizes without water of crystallization, which is found in crystals of most 


Figure 186 


(yellow if pure), oxygen passing on as gas and escaping or being collected 
Over water. Lead(II) oxide remains in the tube as a yellow solid fused into the 


glass, 
2Pb(NO3),(s) — 2PbO(s) + 4NO,(g) + O;(g) 


Properties of nitrogen dioxide A . 
Nitrogen dioxide is usually seen as a reddish-brown gas, though the boiling point 
Of liquid nitrogen dioxide (22 °C) is above the usual atmospheric aon 
thas a Pungent, irritating smell and is a dangerous gas on EM ds jo 
tendency to set up septic pneumonia if inhaled, It should not be allow 
scape in quantity into the open laboratory. 

, Action with water. When the brown gas is passed into water a pale iier 
lion. results. On testing this solution with indicator it is found to be acidic, 
and does, in fact, contain the compounds nitrous and nitric acids. 


, HNO;(aq) 
2NO;(2) + H50(l) — HNO. Ga) à nitrous 


acid acid 
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The gas is a mixed anhydride, Similarly with sodium hydroxide, it gives a mixt 


of the corresponding sodium salts of the acids. 


2NaOH(ag) + 2NO;(g) > NaNO;(aq) + NaNO;(ag) + 200) 

Like the other two oxid 
will support the combustio 
decompose it and supply free oxygen. 

Dissociation of nitrogi 
brown in colour. Its va 
therefore 46, correspond; 
perature falls, 
approaches 46, 
of N20,. 


This must mean that, on heating, 


9aly NO; molecules are present. 


beat 


N20,(g) «  2NO&(g) 
gee cool dark Cis 


For a more complete consideration of dissociation, see page 190. 
Nitric acid 


ed 
3 as so calle 
The old name for nitric acid was 'aqua fortis' — strong water. It fog It is pre" 
because it attacks so many substances, including almost all the metals. 

pared using the apparatus illustrated in Figure 187. 


potassium 
nitrate. 


Figure 187 


ncen- 
The potassium nitrate crystals are placed in the bulb of the retort and co 
trated sulphuric acid ad 


5 itrate 
ded. The retort is heated gently, the potassium n! 
sradually dissoives, and effervescence occurs, 


KNO3G) + H.S0,(aq) —- KHSO,(s) + HNOs(g) 
potassium 
hydrogensulphate "n 
is in the cooled receiver as a yellow liquid, wht! 
nning down the bulb and neck of the retort. 


The nitric acid distils and collec 
drops of the acid can be seen ru 


/ 
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brown fumes are nitrogen dioxide formed by slight decomposition of the nitric 


acid by heat, 
4HNO;() > 2H40() + 4NO;(g) + O2(8) 

nitrogen 

dioxide 
ur to the acid by dissolving in it. The nitrogen 


and they impart a yellow colo 
from the acid by bubbling air through it; the 


dioxide impurity can be removed 
pure acid is colourless. 
This reaction is 2 general one. Any metallic nitrate, when heated with concen- 
trated sulphuric acid, gives off nitric acid, e.g., 
NaNO;(s) + H2SO.(aq) > NaHSO,(aq) + HNO;(aq) 


sodium nitrate 
Again, as in the preparation of hydrogen chloride (page 380), a less volatile 
acid (concentrated sulphuric acid, b.pt. 360 °C) has displaced a more volatile 
one (nitric acid, b.pt. 85 °C). Unlike the gas hydrogen chloride however, the 
nitric acid has to be gently distilled off. 


Manufacture of nitric acid 
Nitric acid is manufactured by the oxidation of ammonia. 

Fixation of atmospheric nitrogen by Haber’s process has already been con- 
sidered (page 188). The product, ammonia, may be converted to ammonium 
sulphate or oxidized by passing the ammonia with excess of air over a platinum 
(90%)/thodium (10%) gauze catalyst. The catalyst is heated to red heat to start 
the reaction. The reaction is exothermic and, once started, maintains the tem- 
perature of the gauze. 

4NH;(2) ++ 5O4(g) — 4NO(g) + 6H20(D 
The nitrogen oxide so formed is rapidly cooled and combines with the oxygen 


from excess of air to form nitrogen dioxide. 
2NO(g) + Ox(8) — 2NO.(8) 
The nitrogen dioxide, in the presence of more air, is then absorbed in hot water, 
, the conditions being chosen to yield nitric acid by the equation: 
2H50(1) + 4NO;(g) + Ox(g) -> 4HNO,(aq) 


Nitric acid is used mainly for the manufacture of explosives and dyes. A 
valuable fertilizer can be obtained by neutralizing the acid with lime and the cal- 
cium nitrate, mixed with excess of lime to form a non-deliquescent basic salt, is 


applied to the soil. 
Ca(OH);(3) + 2HINO3(aq) —> Ca(NO5)2(aq) + 24200) 


Properties of nitric acid 
Nitric acid is a colourless, fuming liquid of density 1.5 g cm’ 
85 °C at ordinary atmospheric pressure. The ordinary concen 
as sold, contains about 70% by mass of the pure acid and 30% of water. The 
pure acid is corrosive and destroys organic matter very readily. The skin is 
stained yellow by it and, if the acid is left in contact with it for even a very short 
time, the skin is destro: ed. ; j i; 

Chemical properties of nitric acid. Nitric acid can behave chemically in two 
ways: 

It is (1) a very strong acid, 

(2) a powerful oxidizing agent. 


-3 and boiling point 
trated nitric acid, 
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Nitric acid acting as an acid n 
Nitric acid isa Very strong acid, being almost completely ionized in dilute so 
tion with the Production of the hydrogen ion and the nitrate ion, NO37. 
HNO,(aq) = H*(aq) + NO,~(aq) a 
This ionization Confers on it the usual acidic Properties, modified to some ex! 
by the powerful oxidizing action of the acid. 4 
(a) Nitric acid neutralizes bases, forming metallic nitrates, e.g., 
K*OH-(ag) + H*NO;-(aq) > K*NO;-(ag) + H,0() 
Cu**tO'-(s) + 2(H*NO;-Y(aq) —> Cu?*(NO37),(aq) + H5O(l) 
A full account of reactions of this type is given in Chapter 24, page 2o ee 
(b) Nitric: acid liberates carbon dioxide in reaction with metallic carbo 
as: 
CO377(8) + 2H*(ag) > H30(l) --CO;(g) 
It is useful to remember that all metallic nitrates are soluble in water: AS 
(c) It is characteristic of strong acids that, when dilute; they' react wi 


Zn(s) (or Mg) + 2H* (aq) —- Zn?* (aq) (or Mg?*) + H;(g) ee 
This reaction cannot occur in this simple form with nitric acid; it is pie ay y 
by the fact that nitric acid is a powerful oxidizing agent. Any hydrogen ini nike 
Produced by the action of a metal on nitric acid is at once oxidized by more o! 


y 
acid to water, and the reduction Products of the acid are liberated: These may 
include nitrogen dioxide, nitrogen 


verted, by excess of the acid, to 


with the concentrated acid, the 
Cu(s) + 4HNO. 


If the concentrated acid is dil 
Principal reaction: 


Fe i. rather a reduction product of the acid, such as 
nitrogen dioxide, nitrogen oxide, or ammonium nitrate. If, however, very dilute 
nitric acid is:used:(about 1%) with magnesium or manganese, some hydrogen 
will be produced, escaping oxidation because Of the very dilute condition of the 
acid. The hydrogen is » being accompanied to some extent by reduction 
products of the acid, 


Nitric acid as 8n oxidizing agent 

Like oxidizing agents in general, nitric acid acts as an acceptor of electrons. It 

can do this in several different ways. Two of the more important ones are: 
4HNO,(aq) + 25- => 2NO;-(aq) + 2H 


2NO;(g) 
8HNOs(ag) + 6e- 30() 4- 2NOx( 


= 6NO;-(ag) + 4H;O(1) 4- 2NO(s) 


: es part in the reaction. This is often a metal, eg 
Copper. This forms ions, as: Cu —> Cu?* + 2e-. By combining this ionization 
given above, the Teactions shown between copper and 
Paragraph are obtained, Other metals give similar behaviour, 


We 
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Varus FAS 
Arying in detail with the nature of the metal, the concentration of the acid, and 


t Ni eIBPerature employed. ied 
Itric acid also oxidizes certain non-metallic elements and certain compounds; 


examples are given below. 
E ee ee es 


Xperiment 162 


Di 

ae a few crystals of iron(II) sulphate in 

oh 9 Sulphuric acid in a test-tube; Add a little 
'entrated nitric acid anc neat. Blown fumes 


| 


TS 


9 oxidizing action of nitric acid on'an iron(11) salt 


of nitrogen dioxide are seen and 8-brown or 
yellow solution isleft, Instead of the. eriginal pale 
green solution. 

. The nitric acid has oxidized the green iron(II) sulphate to brown or yellow 
iron(II) sulphate and has itself been reduced to nitrogen’ oxide which, in the 
air, forms nitrogen dioxide (page 434). 


6FeSO, (aq) + 3H,SO;(aq) -+ 2HNO.(aq) > 
3Fe2(SO,)3(aq) + 4H50() 4 2NO(g) 


2NO(g) + O2(g) — 2NO;(g) 
of the 
air 
An important point to notice about nitric acid as an oxidizer is that it intro- 
duces no solid into a mixture. The acid itself is volatile and its reduction Products, 
oxides of nitrogen, are gaseous, while the other Product, water, can also be 
evaporated off, Thus, it leaves no solids to complicate purification of the product 


of oxidation. , sov 
Other oxidizing actions of hot, concentrated nitric acid are: 


Carbon to carbon dioxide. 
C(s) + 4HNO;(aq) — 2H,0()) -F-4NO;(g) + CO;(g) 
Red phosphorus to phosphoric(V) acid. 


P(S) -F5HNOs(ag) —> HsPO;(ag) + 5NO;(p) + H,O(1) 
phcsphoda v) 


Nitrates 
The properties of the nitrates vary according to the position of the metal in the 


reactivity series, This is summarized in the table below. 


K Nitrates of these metals are decomposed by 
heat to the nitrite and oxygen, 


sal Nitrates of these metals are decomposed ont | nitrates 
i heating to the oxide of the metal, nitrogen | ^ are 
F dioxide, and oxygen. 


Hg Nitrates of these metals are decomposed on 
Ag heating to the metal, nitrogen dioxide, and 
oxygen, because the metal oxides are un- 

? Stable to heat. 
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vit 
` ie ; reactivi 
All nitrates, however, irrespective of the position of the metal in n entra 5 
series, undergo the same reaction with iron(II) sulphate and p 
sulphuric acid, and this reaction has become a test for soluble nitrates- : 
Experiment 163 
Test for soluble nitrates 


Crush a few potassium nitrate crystals in a mor- and pour a slow continuous e B 
tar and put them into a test-tube and add water centrated sulphuric acid down jd. es 
to a depth of about 2 cm. Shake to dissolve the It will form a separate layer un! S 0] 
potassium nitrate. Add a little sulphuric acid and aqueous layer and, at the junction ovr rint 
then two gr three ervstals of iron(II) sulphate, brown ring will be seen. This bro 


a golub!” 
which have also been crushed. Shake to dissoive- the characteristic test for 
them. Hold the test-t: 


t-tube in a slanting position nitrate. EN | 


ric ac 

Explanation. The concentrated sulphuric acid and the nitrate yield nitr! 
KNO,(s) + HSO,(aq) —> KHSO,(ag) + HNOs(ag) 
The nitric acid is then reduced by some of the iron(!1) sulphate to ™ 


trog” 


oxide NO. ; 
6FeSO,(s) + 2HNO;(aq) + 3H,SO,(aq) —> . 2NO(* 

* : "7 SFeyS0:) (a9) + 4H,00) +? 
iron(III) sulphate con. 


a n 
The nitrogen oxide reacts with more iron(II) sulphate to give the brow’ 
pound FeSO,.NO, which appears as the brown ring. 


FeSO,(ag) + NO(g) —- FeSO,.NO(aq) 


li elemet" 
The properties of some of the more important nitrates of the metallic | 
are described below. 


Potassium nitrate KNO; 4 
In the laboratory, this salt may be obtained by neutralization (page 27 » 
KOH(ag) + HNO;(aq) > KNO,(aq) + H,0() 


s ere tw 
On the industrial scale, it is prepared by double decomposition bet y 


E r fro 
Chis a chloride (from the Stassfurt deposits) and sodium nitrate ( 
ile). 


KCl(aq) + NaNOs(aq) > KNO,(aq) + NaCi(aq) " 
Boiling Saturated solutions of potassium chloride and sodium nitrate E 
and sodium chloride, being the least soluble of the four salts at this temP 


t 
(Page 258) crystallizes and is filtered off. On cooling to ordinary temper?” 
Potassium nitrate 


crystallizes as it is the least soluble of the four salts 9* "| 
temperature, 


0 
en heated, Potassium nitrate melts to a colourless liquid and decom 90 
slowly, liberating Oxygen (test: glowing splint rekindled) and leaving, whe 
a pale yellow solid, potassium nitrite, 


2K NO,(s) —> 2KNO A> 4 


<= 


S. 


£y fa ] 
Sag) ml 
P chiefly used for the making of fireworks and gunpo", gf 
Which usually contain about one part of charcoal, one part of sulphur, P id 
Parts of potassium nitrate (by mass). When ignited, the mixture burns "aP" ol 
Producing nitrogen, oxides of carbon and sulphur, and other gases. These 
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gases occupy a much greater volume th 
eser | gre an the origin id 
pressure is set up which is used for propulsion or eer and aver etat 


Sodium nitrate (Chile saltpetre) NaNO, 


Large deposits of sodium nitrate, mixi i 
osit i ed with clay, occur in Chil ‘caliche’ 
The material is broken up by blasting. The sodium nitrate is pues cis geliche ^ 
ing it out in water and evaporating the solutions by the heat of tl Lum 
area where the nitrates are found is practically rainless and water i Ed iue 
the process by pipe-lines. sigo 
In the laboratory, sodium nitrate may be prej nai 
soda with nitric acid. prepared a Sausie 
ety NaOH(aa) + HNO,(aq) -> NaNO,(aq) +- H200) 
When heated, sodium nitrate behaves exactly like potassium nitrate (see last 


section). 
2NaNO;(s) — 2NaNO Xs) + O2(g) 


ortant use of sodium nitrate is its applicati 

he r diui I pplication to the land a: 

fertilizer (see page 443). It is rapid in action and is applied in spring v 
The Chilean deposits used to be the only source of nitrogenous ‘chemical’ 

fertilizer, but the Haber process now furnishes alternative supplies. 

f sodium nitrate are also used fi i 

1 1 s t are ‘or the manufacture of nitric 

acid, potassium nitrate, and sodium nitrite. This substance is used extensively in 


the manufacture of aniline dyes, and is made by heating sodium nitrate with 


carbon or lead. The presence of these reducing agents hastens the conversion of 


of the nitrate to the nitrite, 
NaNO;(s) + Pb(s) — NaNO,(s) -+ PbO(s) 
2NaNO3(s) + C(s) => 2NaNO,(s) + CO2(8) 


The most imp 


Large quantities o 


a process which is slow if heat alone is employed. 


Calcium nitrate Ca(NOs)2 
This compound may be made in the lal 


slaked lime or chalk. 
Ca(OH),(s) + 2HNO(aq) — Ca(NO:):(ag) + 2H,0() 
CaCOs(S) + 2HNO;(aq) — Ca(NO3);(ag) + H;0(D + CO,(g) 

Tt is usually met with as the tetrahydrate, Ca(NO3)4-4H:0; which forms white, 
deliquescent crystals. 

In industry, some calcium nitrate (mixed with lime) is used as a fertilizer, ‘air 
saltpetre’. It is prepared from the nitric acid obtained by oxidizing ammonia. 

For the action of heat on calcium nitrate, see below. 


boratory by the action of nitric acid upon 


Nitrates of maoncsium, zinc, leac: copper 
These compounds are all prepared, as explained is aapter 24 by the action of 
nitric avid on the metal or on its oxide, hydroxide -£ carbonate: Except lead(1I) 
nitrate, which crystallizes anhydrous, they al rm hydrated crysis. All the 
crystals are white in colour except those of ccpper(1D nitrate, Which are bine. 
nitrates is the reaction they undergo 


The most im ortant property 
j d(II) nitrate (sce Figure 186), 


when heated, €-8-» for lea ni 
2Pb(NO;)a(8) > app0(s) + 4NOx(8 + O«(g) 
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This Teaction is typical of the action of heat on the nitrates of common heavy 
metals, 


: E als. 
The following equations express the reaction for other iiitrates of heavy meti 
n ali i i 


colours of the oxides, 
decrepitation, - - 


2Ca(NO,),(s) —> 2CaO(s) + 4NO,(g) + 02(g) 
white calcium 


oxide 
(white) 
2M&(NO;).(s) —> 2MgO(s) + 4NO,(g) -+ O:(g) 
i white magnesium 
Oxide 
(white) 
?Zu(NO;),(s) —- 2ZnO(s) + 4NO;(g) + O:(g) 
white zinc oxide 


ellow when hot; 
white when cold) 


2Cu(NO,),(s) —> 2CuO(s) + 4NO;(g) TO; 
blue CEPR D oxide 
aci 


Mercury(iiy and silver nitrates 


The oxides of mercury and silv 


er are decomposed by heat, therefore the nitrates 
Of these two metals 


leave the free metals when heated, 
2AgNO3(s) => 2Ag(s) + 2NO,(g) ++ O2(g) 


silver 
H&(NO;); (s) —- He) + 2NO,(g) -+ 0.(g) 
mercury 
Ammonium nitrate NH.NO, 
This compound may be made in the laboratory by neutralization of ammonium 
hydroxide by nitric acid (page 274). 


n d - When it dissolves, heat is absorbed and, 
by dissolving a large Quantity of the salt in water, a liquid of low temperature is 
Tapidly obtained and may be used as a ‘frees 3 


NH,NO 


1 1 9f the salt wit] decompose with explosion, 
ammonium nitrate aluminium Powder is used as an ex- 
* When it is detonated, the foj i 


ving a volume many times greater than that 
igh pressure and hence an explosicn, 
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Nitrogen cycle and the fixation of nitrogen 


The fertility of soil depends in part on the presence in the soil of certain chemical 
elements. These elements are potassium, nitrogen, and phosphorus, together 
with traces of iron, sulphur, and others. We shall consider, for the present, 
nitrogen alone. 

Every time a crop is taken from a given patch of soil, some of the nitrogen 
previously contained in the soil is removed in the form of complex organic 
compounds, which are part of the tissue of the plant. This nitrogen was absorbed 
from the soil as dissolved nitrates by the roots of the plant and this is the only 
manner in which the vast majority of plants can absorb and use nitrogen. It is 
obvious that unless nitrogen is continually supplied to the soil to balance the loss 


food ‘ammonium sulphate 
MS imde 
nitrogen d - farmyard manure 


Figure 188 


suffered by removal of crops, the fertility of the soil will decrease and its yield 
eagre. 

d ieis some nitrogen by natural means. Certain plants, for example 
peas and beans, always have colonies of bacteria on their roots which are able to 
convert the nitrogen of the air into compounds which pass into the soil. neta 
discharges in the atmosphere, such as lightning, cause some Se oak 
oxygen and nitrogen and this leads to the passage of nitrogen T i 4 ke im 
nitrates, dissolved in rain water. This was a natural beta rab irke par is 
Eyde's process, now obsolete. Nitrogen-fixing bacteria, psc med 
are another important agency supplying nitrogen to : e à anon ee 
Nitrogenous fertilizers are also used to make good the loss of nitrogen. 


fertilizers fall into the following classes: 


1. Ammonium sulphate derived from ammonia, aig nont afi ote 4 
2. Sodium ital d the deposits of this substance in Chile — ‘Chile salt- 


Petre’ NaNO.. 
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3. Farmyard manure, 

4. Fertilizers produced by manufac’ 
fertilizers include ammonium suip 
from nitrogen of the air by Ha 
obtained from nitrogen of the 

Tho 


Ouestions osi each 
? ui 
1. Outline briefly how a sample of nitrogen from its elements. State the so 4 
can be obtained from (a) the air, (b) an of these elements. fitteences boten $ 
-ammonium salt, What difference would Describe three diinucuces 
there be between the two 


pared? 
Describe in outline the i; 


by 


samples so pre- 


à iagram 
industrial process from ammonium chloride? No diag! f 
which nitrogen is converted into am- 


15 mes 
required, but you should give me "indicate 
monia. The reaction involved in this process any other chemicals used, an 
is reversible, Indicate three Ways in which the 
manufacturer 


Possible yield of ammonia, State fwo in- 
dustrial uses of 


ied! 
clearly how the gas could be collec 
makes sure he gets the best and C) 


An rted into 

1 ain how ammonia is conve te the 

ammonia. (S.) eee on a large scale. c jum 
2. Draw a fully labelled diagram and give percentage of nitrogen in behy the fixation 
au equation to show how you would prepare nitrate NH4NO;. Explain why ith 
a dry sample of ammonia in the laboratory of nitrogen is important. warmed Wi 
Starting from a named ammonium salt and me ammonium nitrate was 
a named alkali, 


Giving equations and r ion conditions, ting (y 
Outline ues nitric add is usus Explain what has happened, wri 
Tom ammonia, 

Nitrogen is necessary for all 
(à) N: i 


s ic 
: its elem ied. 
i t Fh anufact; f ammonia from il in 
chemical name of a nitrogen-containing manufacture oj 
compound whic| 


ed 
ich turn 
slaked lime. A gas was evolved which 


blue. 
aqueous copper(II) sulphate a deep 

t lon of the gas. (O 

equation for the liberation `o! 

plant growth; and C.) ditions fOr StS 

can assimilate i tial conditio: nts. 

atmosphere. (6) Give the 7. Give the essen y 


a re Oo 

: ae Say briefly how these elements ai nce 

(npo h is used as a fertilizer Why is this synthesis of great e one 
MB.) Given ammonium nee to prepare 

3. Write an equation for the process of other Chemical you would ation for th 

nitrogen fixation which results in the forma- ammonia and write the eq 

tion of ammonia, and indicate 


ammonia. Explain why a 
used. H 


acid? (J.M.B.) 


whet reaction. X appen’ 
e PAM Describe with equations, wn Pilote 
explain the conditions of temperature when ammonia js passed o copper) 
Pressure required to give a good yield of sulphuric acid, (ii) over heat 

i B V Catalyst is also oxide. (O. and C.) 
« FLOW IS ammonia Con’ 


ur 
verted into nitric 8. Ammonia is manufactured by the, oe 


in 
bination of nitrogen and hydrogen talyst 
4. Describe the action of heat on ammonium 

chloride, 


71 is no! 
r mw can you of nitrogen and hydrogen to ammonia ed 
account. for the facts that a Solutio; 


Presence of finely mages a ab d under 
By what reaction Would you obtain at a temperature of abou vel 
ammonia from ammonium" chloride, a pressure of about 200 atm. The conve! 
ro} 


boners arat 
n of am- Complete, and the ammonia is Sep 
monia in water will turn litmus 


blue and m the uncombined gases. ich the 
Zive à drown precipitate when Mixed with, a . (à Name the sources from whic 
Solution of iron) chtoride? 
Calculate the 


mass of ammoniyy 
Obtainable fro; 
5. Describe 


nitrogen and hydrogen are obtained. the 
What ratis by volume woul’ in 

nitrogen and hydrogen be mixed? 

how ammonia is manufactured Why this ratio is used. 


T 
(cj What is the purpose of the catalyst 


Sulphate 
m 100 g of ammonia, (e 


—-———K— 
es 


i 'h the 
ere a ins 14 g of nitrogen. 
rm 


rat is the catalyst in a finely divided 


(c) Give one reason for the fact that the: 


everion of nitrogen and hydrogen to 
onia is not complete. 
iB (f) The conversion. to, ammonia can be 

creased by operating the process at à 
nnt higher than 200 atm. Suggest P 
S n why a higher pressure. increases the 

nversion to ammonia, 

fr (g) How can the ammonia be separated 
uen) the uncombined nitrogen and. hydro- 
mo) What happens to. the 

itrogen and hydrogen after removal 
ammonia? 

(1) State two important uses of ammonia. 
t (J) The composition of the gaseous mix- 
ure after passing over the catalyst was in- 
Vestigated by bubbling 2 cm? of the gas 
Som temperature and pressure through 
fi cm? of 0.3M hydrochloric acid. The 
inal concentration of the hydrochloric acid 
was found to be 0.2M. Calculate the per- 
centage of ammonia by volume. in the 
mixture. (L.) 


uncombined 
l of the 


factured. Details of industrial plant are not 


fully the way in which the reaction con- 
ditions affect the formation of ammonia. 

Give a brief account of (a) what happens 
when ammonia gas is burnt in oxygen (in 
the absence of a catalyst, and (b) how you 
would prepare a small specimen of a salt 
from ammonia gas: 

Draw simple diagrams to show (c) the 
shape of the ammonia molecule, and (d) the 

ment of the electrons in it. 

What similarity is there between the shapes 
of the ammonia and the methane molecules? 
(L) 
10. Describe in outline the manufacture of 
ammonia from nitrogen and hydrogen. 

Calcium nitrate and sodium nitrate cau 
both be used as nitrogenous fertilizers. Com- 
their nitrogen contents 
n mass of the anhydrous com- 


when dry 


and you are not requir 
duction of the ammonia.) *^ 
11. Comment on or explain th : 
the items in italic in the following account o! 


the manufacture of ammonia. . , 4 
Tn the manufacture of ammonia, BY oe 


is obtained from water-gas an 
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om p _The gases are then 
mixed in the proportions by volume to give 


pressed to about 200 atmospheres and then 
passed over iron. About 10 per cent of the 


then pass into ‘another tube where they meet ` 
a current of cold water. The issuing gases pass 

through a tower packi 
then mix with the 


stream. 7 
Write equations to illustrate the action of 


heat on ammonium, sodium, and calcium 
nitrates. Name the products produced in 
each case. (S) 

12. In the laboratory, 
ammonia can be prepare 


a steady stream of 
d by the reaction 


it is necessary to heat the mixture. 
(c) Write the equation for the reaction. 
(d) Name the reagent you would use to dry 
the gas and explain your choice. (e) State 
how you would collect a sample oi 
ammonia. (No diagram is requi 

What change in volume wi 
if 100 cm? of ammonia were completely 
decomposed into its elements? (Assume that 
all measurements 2 
perature and pressure.) 

State and explain all that you would see 
when: @ ammonium chloride is gently 
heated in a test-tube; Gi) a mixture of am- 
monia and air is passed over heated platin- 
ized asbestos, eXcess ammonia is remo’ 
and the product js allowed to mix with more 


13. Describe the process now used on an 
industrial scale to obtain nitric acid from 
ammonia. Describe two reactions in whi 

nitric acid. acts as an acid; give & different 
chemical property of nitric acid, and describe 


14. Outline the chemical reactions which are 
necessary for the industrial preparation of 
nitric acid, starting from ammonia. Give a 
ul description and explanation of a 
iemical test which would enable you to 
ide if a given, colourless solution con- 
tained the nitrate ion. (S) 
h the nitrogen-containini err 
und formed when (a) ammonium chloride 
F heated with calcium hydroxide. (O) Lead(it) 
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nitrate is heated Strongly and the s 
Products are Cooled in i (c) Leadan 
nitrate js heated Strongly and the 
Products i 


Into water, (7) Am- 
monium nitrate is heated, Q.M.B.) 


be prepared in the 

lat Sodium nitrate 
With coy acid. Draw a 
labelled dia; apparatus you would 
Use for this tion and write an equa- 
tion for the Teaction, 

Explain why Sulphuric acid is used in this 
Preparation Tather than ydrochlorie acid. 
" concentrated nitric acid no; 
ina laboratory 


t 70% b; 
of HNO” oe about 70% y mass 


method 
ess Concentrated than 


; btain a pure crystal- 
sodium nitrate from à solution 
of sodium nitrate jn Water? (C) 

17. The followi i 

a WINE equation represents the 


“composition of lead(IT) nitrate: 
2Pb(NO (s) => 
2PbO(s) 4. 4NO.(g) + O:(g) 


ts how You would Obtain. a 


m lead(IT) oxide, 
ulate the Volume of 
ined fou the d, Sen. that 


Y MPosition 
1) nitrate, (Assume that 


1 mole occu] 
ditions of the experiment.) 
t. 

Potassium nitrate is decomposed by dita 
Suggest why the nitrates of lead an 
sium behave differently on T Mur 

ive a careful explanation of the fo! 

ges. 4 j 
Alin concentrated sulphuric aS Um 
added to some Potassium nitrate is tours 
a test-tube and the mixture warmed. o this 
less, oily drops were Seen to condense pue 
walls of the tube, In addition, brown er 
Were Observed as the temperature íz 
raised. (A.E.B,) 


en. 
ame the products formed when. 


main impurity, and explain why it is PS 
(a) Nitric acid from potassium nitrate a 
concentrated sulphuric acid. (b) Nitroge! 
from air and copper, (J.M.B.) 


19, Nitric acid can be i pared by the action 
of sulphuric acid on sodium ni . 

a) Give the equation for the reaction, ane 
State if the sulphuric acid js concentrate: 
dilute, and Whether heat is needed. DU 

ive a diagram of the apparatus pm 
Would set up for the quus exp 
any points of interest concerning it. 
on e acid when prepared is usually 
Yellow liquid, Why is this? How can th* 
Colour be removed ? 
(d) In wh 


20. Lead(IT) nitrate 
Were heated 
oe he liquid X and the gas Y. 
5» Name the liquid Y an Sree 
(6) If the lead(II) nitrate: were heated EUR 
Do more gas y was evolved, what wou! 


tals, Pb(NOs)s, 
in the upparitie shown in 


remain in the test-tube? 


E 
of gas occupies 24 dm? at the coi 


- 
ef 


(c Write the equation for the acti 

heat on lend) see action of 

.01 mole (0.01 gramme-formula) of 
Crystals were used, what would be the ds 
mum volume of pas Y which could bc 
collected at room temperature and pressure ? 

(e) If the cooling in beaker 4 was in- 
efficient, some brown gas would pass 
the U-tube unchanged and react with the 
water. Explain what happens in this re- 
action and indicate its industrial importance, 

(f) A sample of liquid ¥ is put in a sealed 
container, heated to 100°C and then 
allowed to cool to room temperature again. 
What would you see happening? Represent 
the changes which occur as fully as possible 
by an equation or equations. 

(g) Why is it not satisfactory to use cop- 
per(II) nitrate crystals, Cu(NO;,);.3H;0, in 
this experiment to obtain a sample of the 
pure liquid X instead of lead(iI) nitrate 
crystals? 

(h) Name a’ metal nitrate that would give 
gas Y but no liquid X if heated in this 
apparatus, Give the equation for the thermal 
decomposition of this nitrate. (L.) 


21. Draw a fully labelled diagram to illus- 
trate the usual laboratory, preparation and 
Collection of nitrogen oxide. 

Describe the conditions required for the 
industrial manufacture of nitric acid from 
ammonia, A iR not required for 
this part of the question. f , 

By heating a coil of iron wire electrically 
in a known volume of nitrogen oxide it may 
be shown that the m of nS Te- 
maining is equal to half the original volume 
of Werde oxide. Show how the number of 
nítrogen atoms in one molecule of nitrogen 
oxide may be deduced from this information, 
assuming the formula of a molecule of nitro- 


gen to be Na, (4.M.B.) 
22. When lead nitrate crystals are heated, a 


nitrogen ? 

Suggest a method by which you could 
obtain nitrogen from this oxide. How would 
your sample of nitrogen differ from nitrogen 
as usually obtained from the air? (No 
diagram is required in this section.) (C.) 

24. Briefly describe and explain what hap- 
pens when oxygen is bubbled into a jar of 
nitrogen oxide standing over water contain- 
ing blue litmus. (S.) 

25. Give an outline of the manufacture of 
nitric acid from ammonia. 

If you were provided with concentrated 
nitric acid, copper, and water but no other 
chemical substances, describe briefly re- 
actions by which nitrogen oxide (NO), 
nitrogen dioxide (NO,), and oxygen could 
be produced. (Diagrams and descriptions of 
apparatus are nof required.) 

State briefly three differences in Properties 

between the oxides NO and NO;. (C) 
26. Give the name, formula, and colour of 
fhree gaseous oxides of nitrogen. Which of 
these gases is very soluble in water? Outline 
briefly the way in which samples of two of 
them can be prepared in the laboratory. 

Which of the oxides of nitro, ny 
confused with oxygen, and aye is? 
what test can you distinguish between a jar 
of this gas and a jar of Oxygen? (S.) 
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35 Phosphorus and its 
Compounds 


Occurrence 


Phosphorus is a very active non-metal and is not found uncombined phe H 
Was first isolated by Brandt, a Hamburg chemist, in 1669, who. obtained it d 
distilling concentrated urine with sand. It is extracted nowadays from bones an 


mineral phosphates. The residue left after burning away the organic matter from , 
bones contains calcium phosphate Ca,(PO,),. This substance also occurs as the 
mineral, apatite. 


Extraction 


A charge of calcium phosphate, sand; and coke is fed continuously into an pns 
furnace (Figure 190). At the very high temperature obtained (the electric curren 


Figure 190 


is merely to produce the high temperat: 
Teaction takes place: 


re; there is no electrolysis) the following 
2Ca4(PO,); 


(s) + 6SiO;(s) +. 10C(s) —> 6CaSiO.(s) + 10CO(g) + Pa) 


calcium silicate 


phorus to the-element. 


y 
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The phosphorus distils over with the carbon monoxide and the vapour is led 
below the surface of water, when the phosphorus solidifies to a white solid. The 
calcium silicate is formed as a molten slag which is run off from time to time at A. 


Chemistry of the action | 
Once again (see preparation of hydrogen chloride and nitric acid; pages 380 and 
437. respectively) an involatile acid (or acidic oxide, SiO;) is displacing a more 
volatile one (P4010). The carbon (a reducing agent) reduces the oxide of phos- 


P,O;0(s) + 10C(s) — P;(s) + 10CO(g) : 
On adding these equations together the main equation. will be obtained. 


Allotropes 


Phosphorus exists in two chief allotropic forms, white or yellow phosphorus and 
red phosphorus. The latter is the stable form. (See page 93.) 

Yellow phosphorus is.a white solid which becomes pale yellow on exposure to 
light. It is of density 1.8 g cm-? and is soluble in carbon disulphide. It smoulders 
invair owing to oxidation:and this action causes it to glow in the dark. 


P4(s) + 30;(g) — P40«(s) 


It is usually kept below the surface of water. Great care should be taken when 
using it, for it gives off a very poisonous vapour and catches fire very readily. It 
burns in air or oxygen, giving off white fumes of oxides of phosphorus. This 
variety of phosphorus is formed when the vapour of phosphorus is suddenly 


cooled. 
... Red phosphorus is the stable variety at all temperatures. It is not poisonous-as 


ds yellow. phosphorus, and does not catch fire so readily. It can be made by 


heating yellow phosphorus in an inert atmosphere (usually with a little iodine to 
act as catalyst) to a temperature of about 250 °C. It is insoluble in carbon 
disulphide. N Lee d 
Experimental evidence that the two allotropes are chemically identical is the 
following. 1 g of white phosphorus heated to about 250-300 ^C in an inert 
atmosphere yields exactly 1 g of red phosphorus and nothing else. Further, if 
equal masses of red and white phosphorus are converted fully to any given 
phosphorus compound, exactly the same masses of product are obtained. The 
following table compares the properties of the allotropes of phosphorus. 


Red phosphorus White (or yellow) phosphorus 


Colourless translucent solid (turns yellow). 
Density 1.8 g cm-?. 

Very poisonous, 

Melting point 44 °C. 

Soluble in carbon disulphide, 

Ignites in moist air at 30 °C. 


Opaque red solid. 
Density 2.3 g cm^?. 
Non-poisonous. 

Sublimes at 400 °C. 

Insoluble in carbon disulphide. 


ites in air at 260 °C. 
M ioa withhotsodiumhydroxide ^ Forms phosphine with hot sodium hydroxide 
solution 
soliton Rapidly oxidized at ordinary temperatures inair. 


Unoxidized at ordinary temperatures 


> air. NUDMNIMEROUOUR LLL LL Lo eoo T) 
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White phosphorus is the unstable variety. It has the higher vapour pressure 
end is very slowly reverting to red phosphorus in room conditions. N 

Phosphorus is used in the match industry, in rat poisons, andin making smoke 
bombs. About 80% of it is converted to phosphoric(V) acid H3PO4. 


Match industry 


In earlier days, matches doubted white phosphorus and an oxidizing agent and 
the mixture was caused to burn by rubbing on sandpaper. The use of white 
phosphorus in industry caused hundreds of work-people to suffer from phos- 
phorus poisoning, which took the form of the rotting of the bones of the face and 
jaw (‘phossy-jaw’). Its use was then forbidden by law and matches nowadays 
consist of compounds of phosphorus (sulphides as a rule) and oxidizing agents- 
The friction of rubbing on a rough surface generates enough heat to start the 
combustion: In ‘safety’ matches the phosphorus (red variety) is on the side of the 


box and thus the match-head, which contains the oxidizing agent, is useless witb- 
out the box. 


Chemical properties of yellow phosphorus 


Phosphorus will combine readily with oxygen, chlorine, and sulphur. It is E 
reducing agent and readily attacks oxidizing agents with the formation of oxides 
of phosphorus which are soluble in water, forming acids. It is attacked by alkalis 


forming phosphine. Phosphorus forms two series of compounds, exhibiting 
valencies of 3 and 5. 


Preparation of phosphine PH, 


Fit up the apparatus as shown in Figu i n 
eire : igure 191 in a fume-chamber. Place sodiu” 
hydroxide (caustic soda) solution and a few small pieces of yellow phosphorus E 


Figure 191 


the flask, sweep out the air by means of town-gas, and warm the mixture, 4 
gas is given off, phosphine, and on coming into contact with the air it ign! 
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spontaneously (the ignition is due to an impurity) and forms white vortex rings 


of oxides of phosphorus. 


3NaOH(aq) + P4(s) +:3H20() — 3NaH2PO,(aq) + PHs(g) 
sodium phosphine 
phosphinate 


Phosphine is a colourless gas with a garlic-like odour and is extremely 
poisonous. It shows similarities to ammonia, forming salts, for example, PH,Cl, 
phosphonium chloride (cf. ammonium chloride). ; 


Phosphorus trichloride PCI; 
This is made by allowing dry chlorine to react with warm yellow phosphorus in 
an inert atmosphere. 
P,(s) + 6Cl2(g) — 4PCI3(1) 
Phosphorus trichloride is a liquid (boiling point 76 °C) which fumes in air 
owing to the action of moisture upon it. The liquid is attacked by water, forming 


phosphonic acid. 
PCI, (1) + 3H;O(l) — H;PO;(aq) + 3HCl(aq) 
phosphonic 
act 


Phosphorus pentachloride PCI; 


-This is made from phosphorus trichloride by the action of chlorine upon it. A 


yellowish solid separates out. It sublimes when heated, decomposing into the 
trichloride and chlorine, but on cooling forms the original pentachloride. 


POLO) =, PCL + CLG) 
phosphorus phosphorus chlorine 
pentachloride trichloride 
It also attacks water vigorously forming phosphoric(V) acid, 
PCI,(s) + 4H20(l) > H3PO.(ag) + 5HCl(aq) 


phosphoric(V) 
acid 


Phosphorus(III) oxide (phosphorus trioxide) P406 
This is made by burning phosphorus in a limited supply of air and passing the 
mixture of trioxide and pentoxide through a tube surrounded by a water jacket 
at 50 °C, and containing a loose cotton-wool plug. The pentoxide remains solid 
and is retained by the plug. Tie trioxide vapour passes on and is condensed in a 
freezing-mixture. 

P,(s) + 302(g) — P4O«(S) 


phosphorus(IIT) 
oxide 


P,(s) + 502(g) > PsO10(S) 
phosphorus(V) 


Phosphorus(III) oxide is a white volatile solid which readily reacts with water 
<a 
to form phosphonic acid. 
+ —> 4H,P0;(aq) 
nes i SRON phosphonic 


aci 
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Phosphorus(V) oxide (phosphorus pentoxide) P,O,; 


€ solid which reacts vigorously with water, 


and is one of the best drying agents known. With hot water it forms: phosphoric 
(V) acid. 


P4O10(s) + 6H2O(I) > 4HPO,(aq) 


Phosphatic fertilizers 


Phosphorus is an element essential to soil fertil 
Soil and, if the crop is consumed by man, 


Structure and protoplasm. 


which contain calcium Phosphate Ca, (P! 


Phosphoric(V) 
acid 


ity. Plants absorb it from the 
Phosphorus passes into his bone 
t to the soil in general by sewage 
in cemeteries. 

eal and basic slag are used, both of 
O,),. This compound is, however, 


available to the plants very slowly. A 
more soluble material, quicker in action, 


Ca,(PO,).(s) + 2H;80, 
The product is dried and sold as 


uestions 


1. Describe a method (a) for the i 
of white phosphorus becs caldi sae 
phate; (b) for the Conversion of white 
Phosphorus into the Ted form, 

Compare and contrast the properties of 
these two forms of Phosphorus, What re- 
action, if any, has each form with chlorine, 
and with sodium hydroxide Solution? 


2. Compare the properties of the two forms 
of phosphorus. How may phosphorus be 
converted into two of the following: (a) phos- 
phorus pentachloride; (b) phosphine; (c) 
phosphorus oxide? (O. and C.) 


3. Describe with necessary detail how you 
would prepare from phosphorus Teasonably 
pure specimens of (a) phosphoric(V) acid; 
(b) phosphorus trichloride. (O.) 


4. Show by giving three chemical properties 

in each case that sodium is a metal and that 
hosphorus is a non-metal. ` 

F Starting with metallic sodium and yellow 


, can be made by stirring calcium phos- 
sulphuric acid. An acid calcium 


(@q) — Ca(H;PO,),s) + 2CaSO,(s) 
‘superphosphate’, 


Phosphorus, describe fully how you would 
prepare specimens of (a) phosphine, and 
(6) sodium Phosphate(V). (L.) 
5. How does Phosphorus react with (a) oxy- 
gen; (b) chlorine; (c) sodium hydroxide? 
be how the products behave when 
brought into contact with water. (O. and C.) 
Pion conden o) pow 
TiChlo; id i w 
how the lato €, and (i ) phosphine. Sho 
7. How is ph 
ash? State how white 
Converted into red pho: 
Tee respects in whi i 
Te Wal In which they differ from one 


Phosphorus react with 
Purposes is this oxide used? (L.) 


E your answer, six 
topes of phosphorus. 


Starting wiih one of these forms, briefly 
describe the preparation of the other form 
from it. How is phosphine usually prepared 
in the laboratory? Give details. (L.) 


9. Phosphorus is not found in nature as the 
free element. Explain very briefly why this is 
so. Name an important source oi phos- 
phorus and outline the chemistry of the 
extraction of the element from this source. 

Read the following passage and then 
answer the questions whicb follow. 

*Red phosphorus can be converted to 
phosphoric(V) acid by heating a small 
quantity with fairly concentrated nitric acid 
in a fume-cupboard. When the vigorous 
reaction has moderated, the reaction mixture 
is filtered (through glass-wool) if necessary, 
and then heated fairly gently to drive off any 
unused nitric acid. The reaction could be 
represented by the equation 


P + SHNO; = H;PO; + 5NO; + H;O 


(a) Name the substance in the reaction 
which is being reduced. 

(b) Suggest a reason for using red phos- 
phorus rather than white phosphorus. 

(c) Why is the reaction carried out in a 
fume-cupboard ? , 

(d) Why may filtration be necessary ? 

(e) Give the formulae of the sodium salts 
that could be formed by phosphoric(V) 
acid (HsPO.). K 

(f) What is the maximum mass of phos- 
phoric(V) acid that could be obtained from 
6.2 g of red phosphorus? How-many moles 
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e No: would be produced at the same time? 


10. Phosphorus trichloride PCl;, a colourless 
liquid, can be'obtained by passing a stream 
of dry chlorine over phosphorus which is 
kept at 80°C by suitable heating. Phos- 
phorus trichloride vapour distils off and is 
collected in a cooled receiver. 

(a) Draw.a labelled. sketch of the appara- 
tus you would use to prepare phosphorus 
trichloride, including in this the apparatus 
for preparing the chlorine. Y 

(b) Write an equation for the formation 
of phosphorus trichloride in this reaction. 

(c) It is necessary to remove air from the 
apparatus before passing the chlorine. How 
could this be achieved, and why is it neces- 
sary? 

(d) What information does the account of 
the experiment give about the boiling point 
of THSSPRDIOS trichloride? 

e) Suggest a possible shape for 
cule of. USENET RAUS em m 
Ll rpa a shape. A y 
j en phosphorus tri ide'i 
to cold water, it reacts AS SESS 
LEO and hynie MosPhonie acid 

3 3» TOCI i i 
equation m this reaction, acid. "Write an 

g) You have been provided wi 
less liquid which is either pure wna colour. 
solution formed “when Phosphorus . the 
chloride is added to water. Outline zwo e) 
that you would carry out to decide which 
possibility was correct. (L.) 


So] 
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Extraction and the reactivity series 


In the table shown below the metals are a: < 
(see page 474), and it indicates (in an approximate way only) the inverse order in 
which the elements were isolated, Thus metals low in the series such as gold, 
Silver, and lead have been known since very early times. Metals high in the 
Series proved very difficult to i i 

which led to the isolation of Potassium, sodium, calcium, magnesium, and alu- 
minium over a period of years from 1807 (when Davy isolated potassium and 
sodium) to about 1850 (when a! 


Ca Very reactive. Never found as free element. Extracted by electrolysis. All 
Mg isolated after 1800, 


Al 

n Moderately reactive, Found as oxides, carbonates, or sulphides. 
Pb Extracted by reaction With carbon or carbon monoxide. 

Cu 


Not very reactive. May be found in nature as the free element. Known 
Ag | fora very long time. 


Tee metal are not suffi 
is 


m Ores because the amounts found as the 
ient for indu 
clement of the series 


ici 
found and mi 


Extraction is a reduction 
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electrons to convert it to the corresponding atom. This process of electron gain 
is a reduction and the electrons are supplied by the reducing agent concerned in 
the reaction. For example, in the ore, galena Pb?*.S?~, lead exists (as shown) in 
ionic form. After extraction, it exists as atoms of lead. Therefore, at some stage, 
the change: 


Pb?* + 2e- —> Pb (a reduction) 


- must have taken place. The electrons are supplied when the reducing agent, 
Tapon acts upon lead oxide, produced as an intermediate product in the extrac- 
on, 
Q?- + C — CO + 2e7 


The reduction in the case of the first members of the series is brought about by 
electrolysis, which can be regarded as a very powerful oxidation and reduction 
Process which often results in the formation of the elements present in the 
compound electrolysed (see Electrolysis, page 147). As far as the metals are 
Concerned the process is one of reduction, although no reducing agent (in the 
Ordinary sense of the term) is used. 

The cathode acts as a reducing region by supplying iccirons. The usual re- 
ducing agents employed for the less electropositive metals are cazhon in the form 
of coke, and carbon monoxide (made from the coke by passing a limited amount 
of air over the hot coke). You may ask why the usual laboratory reducing agents 
are not employed; for example, hydrogen. The reason is that, in an industrial 
Process the chief concern is cost, and coke easily wins on that score. 


Metals extracted by electrolysis 

The first five metals in the reactivity series shown on page 454 are all extracted 
by electrolytic methods. These processes are usually expensive to install and 
Hentai, and the cost of metals produced by electrolysis tends to be relatively 


For cach of these metals the names of the principal mineral sources are listed, 
the extraction process described in detail, and an indication of the uses to which 


e metal is commonly put is given. 


Sodium and Potassium 
Uccurrence : 


These metals occur chiefly as the chloride, sodium as common salt in the huge 

Salt deposits of Cheshire, England, and elsewhere, and potassium chloride as 

Carnallite- (together with magnesium chloride) in the deposits in Stassfurt, 
any (see page 386). Other sources of the elements are: 


sodium carbonate in Africa and ia ash of sea plants. 
Sodium nitrate Chile saltpe*re in Chile. 

Sodium chloride in sea-we’ r and many salt lakes. 
Potassium nitrate saltpetr found in India. 
Potassium carbonate in the ash of land plants. 


Extraction of sodium and potassium 


Both metals are extracted by electrolysis of their fused chlorides, and since both 
metals are extracted in a similar manner, that for sodium will be described, 
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fused sodium 
chloride and 
calcium chloride 


chlorine 
—* e 


storage tank 
for sodium 


iron gauze 
diaphragm 


carbon 
anode» 


At the cathode At the anode 
at --e- Na 


CI- —e7 — CI 
(a reduction) (amoxidation) 
Then: Cl + Cl — Ch 
process. 


Chlorine is a valuable by-product of the 


Uses of sodium and potassium 


Sodium is used in the mani 


ufacture of sodiu 
in the extraction of gold, 


; and als 
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tm Rotes of titanium chloride to thé melal by Beat. 7 gait Ased” 
Seni e e steslsaend heunanufas of; heat-resistant alloys far use 
lonbore-2aTiCla(): 4<ANa(s) x Ti(s). baNaGl(s) y 
eie va séditin are used together in'&n alloy. for the withdrawal of 
agent, ear reactors. Potassium is’ also used as á laboratory reducing 


d as calcium(IT) carbonate 
calcite, Iceland spar, and 


11 38 e129lic QS 
ry, widely distribute: 
stone, marble, 


CaSO,.2H20, and as anhydrite 


Calci 

Cre occurs abundantly and ver) 

OEC which is found as cbalk;.lime 
ty aes \ 

CR occurs as calcium sulphate as gypsum, 

IOS om oh, ; 

CREE urs, less “Abundantly, as fluorspar, calcium fluoride, and as calcium 

„Paate, pora 1 1 i A e 
magnesium occurs as magnesium. chloride in sea-water, 
on tonnes of magnesium, as MB" Pet km. 


which contains about 


nd magnesium | 
Lied by the electrolysis of their fused chlorides, (Notice that 
trom 55 potassiüri is obtained from the hydroxide, calcium cannot be obtained 
heate, the hydroxide by electrolysis. The-reason is that if calcium hydroxide is! 
TIS d Strongly it becomes quickli e and, if that is heated strongly, it merely 
Disi. Sup. Mes white hot and does dot melt, Quicklime is one of the most refractory 


1 bus ados» 


jo atts? & Vd fic itsbixo 


iron 
au 


tntan To 29 
nem bris muIXE T9 es 


«nuiaimitA 


cane 320 


fn : Figure 193 4 T 109 
sd srt A " n (ata edi 10, BERGE toC: 
ee egs bouda OURS 1i doduct from the Solvay process 

pa e; which is obtained as 8 yee dined ris. the! à 
the cell (is is lied id A aiie (carbon): itainet which the anode of 
eL the calciu E e slice i 
m chloride, i ride is melted abdithe electrolysis is 
Bun, As e. The calcium chlo latteris withdrawn and an 


- the calci 
ciu. d, the 
m forms on the iron 10% O, HS- OA sJixsusü 
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irregular stick of calcium is gradually foi 
If the anode were made of metal it woul: 
ine has no effect on carbon, and the 


. Chlorine is evolved at the anode. 
e attacked by the chlorine, but chloz- 
is a valuable by-product. 


At the cathode At the anode 
Ca?* + 2e- ea To pma Je" Cl, 
(a reductioi (an oxidation) 


Tn the case of magnesium, the melting point of the chloride is reduced by the 
addition of sodium chloride, and a lower working temperature for the cell is 
thus established. The cell is somewhat different from that of calcium (see 
Figure 194). Molten magnesium collects at the cathode and is protected from 


Figure 194 


eie by a coating of electrolyte, and from anodic chlorine by a porcelai? 


At the cathode At the " 
Mg'* 2e" — Mg 2CI- — 2e- > Cl, 


Uses of calcium and magnesium 
Calcium is used as a deoxidizer for steel castin: i ; cium 
by heating its tetrachloride with calcium. gsand in the extraction of tho 


TOSS 6 AES e ins si Ars S 


Magnesium. 16 vard a. several ight i NU 
ase eie feng i P i dau 


cum Al 8i,0 Y my 
polit Nair NO (Used in making porc 
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Extraction of aluminium 

Purified bauxite (alumina Al;O;) is electrotysea (Figüre-195)-in. solution in 
molten cryolite. If more purified bauxite is added as required, cryolite is^ 


pure aluminium 
‘oxide in molten 
i 2 : Ses) cryolite 
maim i molten 
aluminium 


tap off for 
Molten aluminium 


Figure 195 


unchanged and can be used indefinitely. Pure aluminium is tapped from the 
cathode, but the carbon anode tends to be oxidized away by oxygen. 


thode At the anode 
2i fees oat 302 “Gen > 40, 


Cryolite is sodium aluminium fluoride. 


Uses of aluminium f 


nig? In alloys. The metal is a constituent of several light alloys. They combine 
EE tensile strength with lightness, and have been much used in aircraft con- 
ruction, Duralumin (Al, Mg, Cu, Mn), magnalium (Mg, Al), and aluminium 
Ey (Al, Cu) are well known. 
co ) In, cooking utensils. Cheapness, low density, good appearance, good 
onductivity for heat, and resistance to attack by cooking solutions have com- 
Dot to make aluminium very popular in the kitchen. Aluminium vessels must 
to be exposed to alkaline solutions (see above). The resistance to attack is a 
Ai Coherent oxide film (page 480) which would be destroyed rapidly by ae 
in ce aluminium oxide is amphoteric. In addition, the oxide layer can | 
co nsified by an electrolytic process known as anodízing, and dyes can be in- 
cPorated to give an attractive coloured finish. me t 5 
3) In overhead electric cables. The low density of aluminium is very favour- 


yos Thick cables of low resistance can be epe qe undue weight. 
ini i is used, wi f : 
depo. pénis eed aluminium powder and oxides 


) In thermit i n 
rocesses. The reactions betwee: n s E 
Of other metals ad commonly very exothermic. If a mixture of iron(IIT) oxide 


CUP ase one enoieuxd sa 
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gi sovand alümifium ‘powder,-knownias *thermit?, ás fired? by-bu:t 
<i sHiamagnesitim:ribbon: stuck into it;'a 
produced with a slag of aluminium 


lgipiece of 
violstit:reaction will.occuti-Maliri'iron is 
(III) oxide floating oa it, 


E CL. + AS FBC) ALLOs() 


Extraction of the moderately reactive metafs \ 


The metals already described are 


» lead, and Copper are found chiefly as the in pure care 
bonates and sulphides, and iron is also found as the impure oxide. The t |lowing 
processes are“amongst those coramonly-used in the extraction of metas from 


their ores although all the Processes are not usei in connection with each indi'dual 
metal. S 


Concentration of ores 


» or the earthy matter may be 


magnetic separator, where metallic 
h lower-grade ;ores:a 


ur dioxide and drive off carbon 
bonate. Thus; . Sp andre p 


nate Of the eiat, a preliminary 
gir. will remove, the sulphur as sulphi 


225) 30403) + 22006) ; 250, 
" Rise ZnCOs(s) — Züo(s) i COLE) 
` "The oxides are usually easier to deal With thas m ey 


: wath than. the sulphides or carbonates. 
Reduction process i i Ss 


e "the case:or'copper and 
etas usually: obtainableInother cases the 
» When impurities oxidize and 
n be removed, p 


*“(Daasi-s ; 


; Zinc! 
Occurrence 
Zinc occurs in various parts of the world, as 


Zinc carbonate ZnCO3, calamine, and 
Zinc sulphide ZnS, zinc blende. 


aT 


iiv air: whensthi xide:is-formed jhether.the ore is 


"fPhe'ores/are: first roasted 
calamine or zinc blende. : s 
4 5229 bes oH ZRCO(G) 5x ZnO(S) +4 CO): 
BELA That 2ZnS(s) + 302() — 2Zn0(s) + 280;(g) 
ni The sulphur dioxide.is frequently ‘used for the manufacture of sulphuric acid. 
The ore is now mixed with coke and placed in a fiteclay, retort to the end of 
which there is attached & fireclay condenser (Figure 196). On the end of this 


mixture of zinc 
»,yoxide and coke: 


fo WON Le pe 3 3 

condenser is placed an iron ‘prolong’ which collects any zinc which escapes the 

Condenser. The mixture is heated by means of producer-gas for about twenty- 

four hours. The zinc oxide is to metallic zinc, the carbon becoming 
r uth of the condenser. 


the bulk of it condenses to molten zinc in 
to time. Owing to the presence of air in 
oxide and condenses on the upper part 


of th ‘sine dust’ (this is a mixture of zine and zinc oxide), The 
ot the condenser, as) ‘zinc dust’ at es purified by electrolysis. It is frequently 
diten metakinto water. (In this granulated form 


tion with, 8-8- dilute acids.) 


Uses of zine p o) n S ^ x 
Galvanizing. Sriali ironobjects and iron wire or sheet are often coated with 
Zinc (i.e., galvanized) to delay rusting. This may be done by spraying, electrolytic 
deposition, cr dipping into-molten zinc. Zinc, in ali» aquse coherent, inert 
Oxidelayer by which rusting of the iron is prevented. ^ lso, some protection is still 


Siven to the iron even if the zinc layer is broken. This is so because zinc is more 
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electropositive than iron and the first stage of oxidation of zinc, Zn — Zn?* + 
2e", occurs in preference to that of iron, Fe —> Fe?* + 2e-. f 

Zinc is also used in alloys, e.g., brass (copper and zinc, 2 : 1) and in dry 
Leclanché batteries, as the negative pole. 


iron 
Occurrence 


The occurrence of iron, a metal of immense importance, has had a profound 
effect upon the development of the countries in which it is found, especially 
Where iron ore and coal (which is necessary for the extraction of large quantities 


of the metal) have been found comparatively close together. The chief ores are 
the following: 


Haematite, found in United States, Australia, and USSR, is impure iron(III) 
oxide Fe;0;. 


Magnetite, or magnetic iron ore Fe3O,, occurs in Sweden and North America. 
Spathic iron ore, iron(II) carbonate FeCOs, is found in Great Britain. 
Tron is widely diffused and is present in many soils. 


Extraction of iron 


Since the demand for iron is so great it has often to be made from poorer-grade 
ores, containing a certain amount of earthy impurities, The ores are first roasted 
in air when iron(II) oxide Fe;O; is the main product, 


=—+ fron 
tapped hero 
Figure 197 
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This iron(II) oxide is mixed with coke and limestone and introduced into a 
blast furnace (Figure 197). The blast furnace isa tall structure about 30 m high 
and 9 m in diameter at the widest part. It contains a firebrick lining inside a steel 
shell, and a blast of hot air can be introduced low down in the furnace through 
several pipes known.as tuyéres. A well at the botcom of the furnace se.ves to 
hold the molten iron and slag until these can be run off. The mixture of ore, coke, 
and limestone is fed in continuously from the top, and a blast furnace, once 
Started, is kept going for months at a time until repairs are necessary or work 
lacking. 


Chemistry of the action 


As the hot air comes into contact with the white-hot coke, the latter burns to 
form carbon dioxide. 


C(s) + OX(g > CO,(g) 
carbon carbon 
(coke) dioxide 
The above reaction liberates a very large quantity. of beat, and it is this heat 
which keeps up the high temperature necessary for the reduction process, 
As the gas is forced higher up the furnace the supply of oxygen (from the air) 
becomes less and the carbon dioxide coming into contact with white-hot coke 
1$ reduced to carbon monoxide. 


COx(g) + C(s) —> 2CO(9) 


> This carbon. monoxide at the high temperature (about 1000 °C) reduces the 
iron(II) oxide to metallic iron forming carbon dioxide. 


= 2Fe(s) + 3CO:(9) 
Fi e;Os(S) + 3co( iip cal $ 
oxide monoxide dioxide 
The molten iron runs to the bottom of the furnace. Y . 
Action of the timestone. The limestone, which has been introduced together 
With the ore, is first decomposed at this high temperature to form calcium oxide. 
CaCO) > CaO(s) + cO,(g) 


calcium carbon 
oxide dioxide 


lica (SiO), which is an 


The ea i is^ i ertain amount of si 
rthy impurities contain a C calcium oxide, to form 


acidic oxide, and this combines with the basic oxide, 
Calcium silicate 
i CaSiOs(S 
SiO. (9) + CaO Y cium ilice 
-(compare CO;(g) + caol) — CaCO) 


Tne earthy i iti .-  caJcjüm silicate form a molten slag which does not 
" y impurities and tiis calcium si 1 D 

mix with AS floats above it and can be run off separately. At m time this 
slag was a waste material, and the countryside has been brise byt s pet 
9f huge slag heaps. The slag is being increasingly used at the present time tor 


making roads 3 
e molten iron is run off into moulds, where it may be allowed to cool in 


long bars in diameter. It is known as ‘cast iron’ or 
at about 1 m long and 10 cm in cla s ‘cas 
Pig iron’, In many vers it is subjected to further treatment while still molten. 


his is obviously more economical in terms of energy used. 
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tar 


531 Cast iron SROMSENEA - siet 


^ "This is impute iron and £ amounts of impurities; such aS carbon 
8 @%), With smaller ‘quantities of'silico 


ny paosphdrüs, and sulphur, This-impure 


ittle tensile strength Te is, however; used extensively for 


as fite-gratesj Tailings; fiotzwater pipes; Burisen burner 
other purposes where little strain is imposed. o:i; bik 


H 
S 
o 
& 
8 
E 
E 
E 
$ 
5 
> 
5 
A 
m 


; Iron nails, Sheeting, dramental 
Work, horse-shoex; and agricultural implements; Te has been répláced to a large 
bé made töre cheaply: uc 


Steel ODE «— (9): 


Ordinary steel ís à Material containing irórranda small ortion of catbon, the 
Proportion being determinéd by the inténde@ase or Tenue 90% ‘of ike 
Pig iroa made is converted into steel, 

Besse:uer Process. ^ 
process is as follows, The Be; 
firebrick. It is roughly ege-shaped With 


: : lining of ore top and a base perforated to 
[otake an. air-blast, Tt c. lin calcined dolomite (CaO“and MgO). 
"Muri Fon mat irand SO a nou 
ol iron oxidize carl n to its oxides Mey 19 P ARD hich 
escape, manganese and silicon to Oxides: whi oxides (CO and C03) w 
to phosphorus(V) Oxide P,O 


{Which is t form a slag, and o 
E anu 4 - 10» Which is al sorbed as a phosphate by the basic 
lining. When the appearance of the iar P. z 
^* © (about thirty minutes), the:required:conte, jaaicates the end of Moe cns 
'7* anthracite Acshorp: 


fori 


quired: nt ofnarbon iis added-to.the metal 2 
poured. Air-blast.is. applied Tnixingiánd.the:stee] ean. then be 


is simili top tz (T) odifi 
converter is similar but With a son Instead 
"Sure is applied’ 
Pet tübe, The test yen, 
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oxide (the last of these supplies the oxygen for oxidation of impurities) are melted 
In an open hearth which has been lined with a basic material (carbonates of 
calcium and magnesium are used, the oxides being formed at this high tem- 
Perature). The amount of carbon is regulated at from 0.5% to 1%, and small 
quantities of various metals such as manganese, nickel, chromium, or tungsten, 
E T according to the quality of the steel and the use to which the steel 
Will be put, 

Properties of steel. Steel is hard, tough, and strong. If cooled gradually, steel 
can Subsequently be hammered into shape or drilled, because it is fairly soft. By 
heating it and suddenly cooling it, the steel becomes very hard indeed, of very 
high tensile strength, and elastic. By reheating the steel to carefully regulated 
temperatures, steels of different degrees of hardness and brittleness can be 
Obtained. This is called ‘tempering’. 

Uses of steel, Ordinary carbon steel, and alloy steels, have extensive and well- 
pun uses, e.g., as armour plate in warships and military tanks, as pressed 
b iun automobile bodies, as girders and wire mesh in reinforced concret 

uilding, as cutting and boring tools, crushing machinery, and stainless cutlery. 


The following are a few examples: 
With chromium (1-495) armour plating, gears 
With chromium (10-12%) stainless steel 
with cobalt (2-4%) in electromagnets 
With tungsten (5-1895) drills and cutting tools. 


ratrplating, Thin iron sheet can also be tin-plated by passing the cleaned sheet 

cannis » olten tin with a flux present, e.g., zinc chloride. Tin-plate is used :. 
Of tin SIEUT meat, and fish (to which it imparts no taste). A continuous | 
Protects iron from rusting (being unreactive with air). Tin, how 


E iti i * H n 
of s Veo opositive than iron, so, as soon as the tin layer is broken, oxid 
Leag | 

Occurrence 3 

Lead EU at is 
carts gus as galena, lead(II) sulphide PbS, and is distributed widely 


S crust, being f, in most parts of the world. It k 
n : found to some extent in most p: 
Own for a very long time — lead pipes were used by thy Romans. 


Extraction of lead 
T i | 
its galena is roaste d with excess of air to form lead(II) xide. 


2PbS(s) -+ 30,(g) > 2PbO(S) + 2509 


3 ide i i i in a small 
furi pde is then reduced to lead by heating with carb pun i 


S PbO(s) 4- C(s) — Pb(s) + CO(g) 
‘Ome ; E 
me iron is added to reduce any remaining galena, 


PbS(s) + Fels) —> Pb(s) + FeS(l) 
d form a molten slag. The 


“nd lime i 
- to i i i ities an 
combine with earthy impurities tely from the lead. 


iro 
ACID sulphide and slag are tapped off separa 
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New process for joint extraction of zinc and lead 


Substantial supplies of ores are known in which lead and zinc sulphides E 
together. A new plant (in production in England in 1968) extracts both meta s 
in a single process. 


The ores (previously concentrated by flotation) are roasted in excess of air 
to form oxides. 


2ZnS(s) + 30;(g) — 2ZnO(s) + 280;(g) (PbS similar) 


The oxides are dropped, with coke (reducing agent), into a blast furnace (pag? 
426) and are reduced to the corresponding metals. 


ZnO(s) + C(s) — Zn(s) + CO(g; PbO(s) + C(s) — Pb(s} + CO(8) 


Molten lead settles to the base of the furnace, with some slag, and is tapped off 
periodically. Zinc is vaporized and leaves the furnace by a pipe near the toP» 
together with nitrogen and oxides of carbon: Zinc vapour is stripped from the 
gases by a spray of molten lead. The mixture of zinc and lead flows into shallow 
tanks where molten zinc separates above the much denser molten lead and can 
be tapped off separately. The lead is returned to the stripping circuit. The 
process is continuous and economical in both manpower and heating costs; 4 


disadvantage is that 400 tonnes of molten lead must be pumped round pet 
tonne of zine extracted. 


Uses of lead 


(1) Lead was used ‘in the manufacture of water and gas piping and as lead 
sheet for roofing. It was particularly valuable for piping as it is easily repaired; 
and joints are quickly made. It is also soft and be 


nds easily at corners. It has 
been replaced for most purposes by co; i 


pper or plastic piping. It is also used in the 
manufacture of lead shot. DRE 
.Qo Lead is used in the manufacture of electrical accumulators and as a cover” 
ing material for cables. 


(3) Lead is used in making various alloys including typemetal, solder, and 
pewter. 
: (4) In paint, although white lead ( Pb(OH);.2PbCO.) is now liitle used because 
it is poisonous, 


Copper 
Occurrence 
The principal ores of copper are copper pyrites (CuFeS,), 


: p cuprite (Cu,0), 
copper(I) sulphide (Cu,S), and malachite (CuCO,.Cu(OW),). It is mined as the 
free metal in parts of Canada and the U.S.A. 


Extraction of copper 

ara eter cope) supe na n i ue 
2CuFeS;(s) + 402(2) — Cu;S(s) + 380,(p) 4- 2FeO(s) 

c e ee peri que 

inarglted supply rae” Dt the met by henting 


Cu;S(s) + Ox(E) —> 2Cu(sy ~i- SO;(g) 
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The copper. produced is too i ) 
per too impure for many of the purposes for which it i 
Bs used in industry, and it is therefore.refined. This is achieved by n ie 
ae copper the anode in-an electrolytic cel, which also contains ae of 
copper as the cathode (Figure 198). The electrolyte is copper(II) sulphate 


power source 
+ = 


im 
puro COP S Tears ied strip of pure 
copper 
F ^ copper(ll 
sludge containing peek 
solution 


Silver and gold 


Figure 198 


Solution, and duri j i 

, ng the electrolysis copper is transferred fi i 

She pice End pp from the impure anode 
At the anode 
Cu(s) — 2e- — Cu?* (aq) 


Th 
] The pper produced is 99.98 per cent pure. 
etals silver and gold are not discharged in the process but collect in a 


Siud 
e at the bottom of the cell, and they are subsequently recovered from it. 


At the cathode 
Cu?+(aq) + 2e- — Cu(s) 


Usos of copper 


..QX ; 3 
_ 00). For conducting electric current. It must be very pure because impurities 


Mo electrical resistance. 
Q. EE pesce e work, being little attacked by the air. 
lloys, e.g., brass (Cu and Zn), bronze (Cu and Sn), German silver 


(Cu, : 
Zn, and Ni), and the copper coinage (Cu and Sn). 


Questions 

1. Th 

1. The alate 

a blast furis extracted from its ores 

the reactions which eum With equations, 

S usually Which take place. Limestone 

furnace. P, Added to the mixture in the 

escribe ao why this is done. 

a . Pure ae A would prepare reason- 
ing from the me E ( Spat, ipae 


> Alumini 
holar e and iron form oxides with 
6 large sca] ae. These oxides are used on 
Tent m e as sources of the metals, but 
Wed. Give ethods of extraction have to be 
a brief account of both extraction 


processes, emphasizing the chemical prin- 
Technical details are not 


ciples involved. 


required. y 
Calculate the masses of aluminium and 
iron which could be obtained from 1000 tons 
of each oxide. Explain why these masses are 

different. 
scale use of both aiu- 


Choose one large-scale 
minium and iron. Explain how each nse is 
related to the properties of the metal. (L.) 
3. Describe how aluminium is manufactured 

inium oxide by an electro!ytic 


from pure alura an ^ 
process. Explain why (a) aluminium is often 
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This Property arises from 


the behaviour of the O?- ion or OH- ion with 
hydrogen ion, H*, which is c 


haracteristic of acidity. The behaviour is: 


O?-(s) + H30() = 20H-(aq) 
20H-(ag) + 2H*(ag) = 2H,0(1) 


al nature of neutralization, Le, bis 
f water from its ions, H+ and OH-. The ions, Ca?* and 2C P. 
i ochloric acid, may remain as the salt, 
for other oxides and acids. The complete 


Ca**O?-(s) + H00 = Ca?*(OH-),(aq) 
Ca?*(OH-),(aq) + PRSE xat (Gi), (aq) + 2H,0() 


It will be seen that the Ca?* and CI- ions take no part in the reaction. Ions 
like this are often called spectator ions. 


2. A metal can replace the H* jon in an acid and so produce a salt 

This replacement may occur directly or indirectly, If directly, the metal ionizes, 

liberating electrons ; the electrons are accepted by H* ions in the acid. These ions 
me hydrogen atoms, Pair off as molecules, and are liberated as gas. The 

metallic ions pass into solution and, in conjunction with the negative ions of the 

acid, Cl, $0,2- etc., constitute a salt. For example: 


Zn —> Zn2+ + 2e- 

2H* + 2e- > H, 

For dilute sulphuric acid, : 
Zn(s) + (H*),50,2-(ag) — Zn?* 


Indirect Teplacement occurs chiefly through the 
hydroxide, as: 


80,?-(aq) + H;(g) 
medium of the metallic oxide or 


Cu(s) + 30;(g) —> Cu?+02-(6) 
O?-(s) + H;O(l) = 20H-(aq) 
20H-(ao, + 2H* (ag) = 2H;0() 
If the acid is dilute sulphuric, Cu2 


* ions are left in solution, with SO,?- ions, as 
the salt, copper(II) sulphate, the other product being water. $ me 
3. Metals form electrovalent Chlorides 
Metallic chlorides i 


in their formation,’ 
ons, Which are accepted by chlorine atoms, eg., , 


or adding these, 


Such chlorides are electrovalent, lectro] 
and solids of very low volatility, ytes when 


4. Metals form few compounds With hydrogen 
This situation arises because hy, 

7 gen forms com; junds H 
valency (Le., electron sharing) Or, in acids, by electron loss to form ty, 0 
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Neither of these modes of combination is well suited to metals, which tend 


to operate by electron loss. 

A few very powerful metals (Na, 
trons. The hydrides so formed are salt- 
and liberate hydrogen with cold water, e.g-, 

Na(s) + 4Ha(g) — Na*H- (9) 
H-($) + H:0() — OH-(ag) + H;(8) 
ydrogen at the anode. 


K, Ca) can force hydrogen to accept elec- 
like sotids (compare the chlorides above) 


When molten, they act as electrolytes and liberate h: 
H-—e —1H; 
(to anodc) 
, In aqueous solutions, containing the usual ion, H*, hydrogen appears at the 
cathode during electrolysis. 
Ht +e — dH; 
(from 
cathode) 
5.. Metals are reducing agents 
This follows from the modern definition of a 
electron donor, e.g., 


reducing agent (page 174) as an 


K— Kt +e 
Zn-—-Zn?* + 2e- 

From the theoretical angle, the most characteristic physical property ofa 
metal is its ability to conduct electricity, i.e., pass a stream of electrons . 
through itself if a potential i ss it. This arises because 
metallic atoms part with their outermost electrons easily and a mass of metal 

ectrons. These move readily through the 


always contains comparatively loose el ve rei : 
metal and are steadily replaced from the source of potential difference to main- 


tain a flow of current. Conduction of heat, lustre, malleability, ductility, and 
essed by some metals. 


high tensile strength are other physical properties poss 1 j 
They are very useful in practice but are not now accorded their former import- 
ance. Many metals have high density, but the most characteristic common 
metals, je., those which ionize most readily by electron loss, are sodium and 
Potassium, and they have densities below that of water. They are also soft 
enough to be cut with a pen-knife. The distinction must be clearly borne in 
mind between strength as a metal and physical strengin. Sodium and estan 
are the strongest metals: but no one would use them for pbuilding a bridge, even 


if they did not react with water. 


Characteristics of non-metals T 
i. t is electro- 

If a non-metal fi ions, it does so by electron gain, i.e., the elemen 
negative. The eh of AEn gained per atom is the valency of the element 
ther kinds of valency.) The ion formed 


for this purpose. (It may also exercise © e 
carries the ENE number of negative charges but they rarely exceed two, 


and never exceed three. 
= + CI (univalent) 
luc t 2 —> Br^ (univalent) 

fo} 22: EAG O 

S Lg (divalent) 
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The following are im 


Portant chemical Properties of non-metals which are 
Connected with their ten 


dency towards electron gain: 


> Le., the oxide in which the non-met, 
valency, is a covalent oxide, 


en combined with wat 
Non- Maximum 


metal valency Characteristic oxide and 
Caron 4 CO;(g) + H,0() = H.CO,(aq) 


The H+ ion, characteristic of acidity, is Produced in al} these Cases, 
When the non-metal exercises a reduced valency, the oxide is sometimes 
acidic, sometimes neutral, but never bas 


ic. Examples; 
Non-metal Oxide Nature of oxide 
Carbon co neui 
Nitrogen N20 Hem 
N;0, acidic 

Sulphur o, acidic 
Chlorine CLO acidic 

2. A non-metal never replaces hydrogen Mana 

does) 


Replacement of hydrogen in an aci 
trons supplied bya metallic atom: 


A non-metal is an electron acceptor an, 
replacement. 


3. Non-metals form 


Covalent Chlorides 
The behaviour of the non-metal, Phosphorus, in forming its trichloride is typical: 

CI 

oe a | 
o 

"n e P e on at 9 electrons from CI 
io i © electrons from P 
cl 


Each Cl atoin also has seven more el 
layer. A. covalent chloride Of this ki RISS Gor Mio 


wn) in its outer el 
is spe T electron 
lyte, and rapidly hydrolysed by Water, xis Bally a volatile Ji 


quid, a non-electro- 
PCI) ++ 3H. 


200) — gps - 
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pate Properties are characteristic of non-metallic chlorides (though CCl, is not 
ürelyted by water). Non-metals cannot supply electrons to form electrovalent 
chlorides, This is the behaviour of metals (see page 470). 

4. Non-metals combine with hydrogen to form many covalent hydrides 
These hydrides are formed by electron sharing, as: 

(Each bond represents one shared pair of electrons) 


H H i 
Bt - #74 H—Cl 
[em k H d hydrogen chloride 
i ido n lori 
3 sume hydrogen (UE) EARS form) 


Simple hydrides of this type have the properties of covalent compounds; they 
qi Rüseous, fon no ions when anhydrous, and so are non-electrolytes. Salt-like 
“ydrides are tormed by metals (page 471) but non-metals cannot sunplv the 


electrons required for this. 


5. Non-metals are oxidizing agents 
This follows from the modern definition (page 174) of an oxidizing agent as an 
acceptor of electrons, e.g., 


4Cl, + e7 > CI- 
$-2e — S? 
The most im i tals is their very low electrical 
d portant physical property of non-me s is á 
op ductivity, Because of the EEY cf a non-metal to attract electrons, a mass 
9f it contains an absolute minimum of free electrons: This being so, no con- 


Siderab) -metal and it tends to be a Very 
le electron flow can occur through the non-met -metal, conducting elec- 


poor i FEET 
or electrical conductor. (Graphite is unique as ® ay pale sad do not form 


city quite well.) In addition, non-metals are usu 
sheets or wire, They have low tensile strength and no lustre, and cannot be 
Polished, 
Summary comparison of metals and non-metals 
This may most conveniently be done in tabular form. 
pra eS 
ee GE — 
Chemical properties sedile ate 
Metallic oxides ara basic and form alkalis if Characters” oxides of Ofig or neutral 
pad in water. acen in nr mot form salts in this way. 
replace hydrogen In acids forming Non- 
n sre covalent, non- 
Metalic chlorides aro elactrovalent salts, Non a chlorides 1 
containing Ci7 ions. by watst. any tabio hy; thay 
Co form few steblo aries. Na, K, ond pipes imple ones being geste 
tain So NA hydrides, which con- ero NHs or CHa) and non-electrolytes 


Gurwen XL LM 
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METALS — NON-METALS 


t vU Physical properties 

Metals are: f 
good conductors of electricity and heat; 
malleable (can be beaten into sheets) ; 
ductile (can be drawninto wire) ; lustrous, 
and can be polished 

Some metals are very dense and have high 
tensile strength. 


Non-metals are: " à 
generally bad conductors of electricity an J 
heat (graphite conducts electricity well) ; 
generally brittle, not malleable or ductile; 
generally not lustrous. 


ILLO OW C a By aa 
"bis 


The relative reactivities c= metals 


It is a.well-known fact that certain metals wil! xueplace other metals from x : 
. tions of their salts in water, For example,iron willdisplacecoppe: frem.copper(T)— 
+ Sulphate solntion; and zinc will disPisce silver from silver nitrate solution. 
Fes) + CuSO,(ag) —> FeSO,(aq) ^ + Cu() 
Fe(s) + Cu?#(aq)  —».Fe?+(aq)... + Cu(s), 
t as tese soe ZR) + 2AgNO5(aq) > Zn(NO,);(aq) + 2Ag(s) 
it dea Zal) + 2Ag*(d) > Zui*(ag) — X 2Ag(s) 
We can arrange the metals ina se 
will displace from its salts any metal 
metals in the series, the more rea 
s Again, if a plate of zinc and 
s- Phuric acid, a current, will flow fr 


Thus the popper and the zinc.must be; at different potentials when in contact 
-5::With. dilute sulphuric acid, p : 


SN dil ulphuric aci c red: and by.arrang- 
dog the metals according to this potential differ i 
Isp! 


T ence the-same-series. is obtained as 
ew by. the displacement method, The list obtained is as follows, omitting the less 
common metals: 3 
Metal : Symbol 
Potassium ©5180 nen bos cig Most electropositive metal, 
Sodium E Na 
Calcium Ca 
Magnesium- - Mg 
Aluminium: o = Al 
Zinc- h Xn 
Iron * Fe 
Lead Pb. bn 
(Hydrogen) H 
Copper Cu 
Mercury Hg : 
Silver Ag 2 
^ (Gold t p 5 Au Least clectropositive metal, 
“Tidtopen, my apio not 4 metal, is placed in the'series tà indicate the position — 
Mee probably strike you at once 


that the metals pe i n 1 i 
ate that element from acids with an ease indi urring above hydroge! 
metal in! A cated by the interval separating 
from hydrogen in the Series, Th p 


US magnesium and zinc liberate f 
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hydrogen readily (so would sodium and potassium, with such an ‘ease’ that the 


experiment would be dangerous), whereas copper, which is below hydrogen in 
the series, does not liberate hydrogen from acids at all. 


Chemical activity of the more electropositive eleraents 
Metals such as Sodium and potassium; which Occupy positions high up in the 
Series, are said to be very electropositive, These metals are very active chemically, 
and metals lower in. the series are less active. In modérn terms, this means that 
the more electropositive metals ionize readily by loss of electrons, ed 
Na—e-— Na*; "Ca — 2e —Ca?t x 

The lese clectropositive metals ionize much less readily, One result OF this relation 
» that; if Conditions ate similar and neither metal is affected by water, a more 

ectropositive metal will displace-a less clectropositive metal from its salt in 
Solution, e.g., { 

Zu(s) + CuSO, (aq) —* ZnSO,(aq) +- Cu(s) 


The essential feature of this relation is that the zinc atom (more electropasitive) 


fransfers two electrons to the copper fon iz solution, which is converted to a 
Wpper i07; 20d nrecinitated-The changes are: T IPX 
Zn —> Zn?+ -+- 2e7; Cut Zen > Cu 

Or, added together, iai | 

I Zn(s) + Cu?*(aq) — Zn**(aq) + bo 
The zinc ion is left in solution in association with th O,?- ion, as the salt, 
Zinc(II) sulphate, " { 

The behaviour. of. metals in liberating hydrogen from water or dilute acid is a 
Special case. of this relation, All: metals which are more electropositive than 
hydrogen displace it; the most electropositive metals, e.g.; Na, K, Ca, displace 


hydrogen from water. AS 
acid, e.g., Zn, Fe, while lead (very close to hydrogen in the electrochemical 
Series) requires hot, concentrated hydrochloric acid. In all these cases, the metallic 
atom ionizes by supplying a number of electrons equal to its valency to hydrogen 
atoms and, by pairing, to molecules which are liberated, For example, 

Na = e? —Na*; Ht +e"  —*1H, (water) 

Zn—2e7 +» Zn?+; 2H* + 2e7 —> H, (dilute HCI) 

v Alget —AP*; 3H* 4-367 —* HH. (Conc. HCl) 
Copper and Silver are less electropositive than hydrogen. They cannot displace 
1t from water or acid. They are attacked by no mineral acid except. a strongly 
oxidizing Compound such as nitric acid or hot, concentrated sulphuric acid. 
In Beneral the more electropositive metals (with the ap arent exception of 

*Uminium ~ see below) oxidize readily, while the least clectropositive tend to be 
inactive; for example, copper and silver are not readily attacked by the oxygen 
OF the atmosphere, They have been found as free metals in the earth’s crust and 
used as coinage metals. The more electropositive metals do not, occur free-in 
Pature but, only as |corhpounds; such ‘a8! sodium chloride, zinc sulphide, and 
aluminium oxide, i 


Gradation in i 
Properties of coi 
en in the serias 
ot only does the series piveus à good estimate of the ical activity of the 
Metal itself, but in many cases the properties of compounds of the metals are 
Btaded according to the position of the metal in the series. Thus the nitrates of 
Brae a 


mpounds of metals according to 


electropositive nature decreases, metals require dilute. 
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sodium and potassium on heating decompose to the nitrite, the remainder of the 
metals of the series as far as copper (inclusive) form nitrates which decompose 
into the oxides on heating, liberating nitrogen dioxide and oxygen. The lowest 
members of the series, mercury, silver, and gold, form nitrates which decompose 
to the metal on heating. (See page 442.) 

Table A, page 477, shows some of these properties of the metals and their 
compounds. It will be noticed that, as a tule, a change occurs in the region of 
calcium and another change in the region of copper. Be careful not to be too 

< dogmatic about the properties as indicated in this way. Some metais show 
"false" behaviour by acquiring, in air, a coherent coating of oxide which renders 
them inactive, €.g., ordinary aluminium foil is inert towards air, water, or dilute 
sulphuric acid. If, however, it is dipped into mercury chloride solution, a layer 
of amalgam forms and an oxide layer cannot cohere on the foil. Then the metal 


attacks both water and acid, and rapidly forms flakes of oxide in air at ordinary 
temperature. 


ZAKS) + 6H* (aq) — 2AP*(aq) + 3H;(8); 4AI (s) + 30;(g) — 2A1,0,(5) 


The place of non-mexs!s in the saries 


A list has been worked out to include commua non-met?!^ aad is given below. 


Electropositive 

Potassium 
Sodium 
Calcium 
Magnesium 
Aluminium In this complete series, the 
Zinc further apart two elements are, 

METALS Iron the more likely they are to 
Lead form a stable compound. Thus 
(Hydrogen) oxygen combines very readily 
Copper with sodium and potassium. 
Mercury Elements close to one another 
Silver either do not combine at all or 
Gold form unstable compounds. \ 


Thus chlorine dioxide ClO, 


Carbon is an unstable explosive sub- 
Nitrogen stance. Metals do not form 
NON- Phosphorus stable compounds with each 
METALS Sulphur other, but may form alloys. 
Oxygen 
Chlorine 
Fluorine 
Electronegative 


Physical and chemical properties of the metals — a synopsis 


For the purposes of this comparison the me 
into three groups, based on the reacti vity se; 


the more reactive metals: 
the reactive metals: 


the less reactive metals: 


tals will be cl 
Ties, as follows 


potassium, sodium, calcium, 
aluminium, zinc, iron, 
lead, copper. 
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(1) The more reactive metals; potassium, sodium, calcium 
Physical properties 


These are:summarized in Table B. 


Stata 


Appearance 


PHYSICAL 
PROPERTY 


POTASSIUM SODIUM CALCIUM 


Solid 


White metal, possess- 


Solid 
White, silvery, shining 


Solid 
Silvery, shining metal 


ing a lustre metal. Rapidly tar- which rapidly 
nishes tarnishes in air owing 
i e to formation of film 
of oxide 
Density (g cm-3) | 0.86 0.97 1.55 
Malleability Malleable and ductile Very malleable. Can bo | Malleable and ductile 


Tensile strongth 


Melting point 

Conduction of 
hest and 
electricity- 


Pa 


cut with a knife 


Does noi possess ten- | Does not possess ten- 


Possesses fair tensile 
sile strength to any 


sile strength to any strength 
apprectablo extent appreciable extent 
63 °C 98 °C 850 °C 


Good conductor of 


Conducts both heat 
heat and electricity 


Good conductor of 
and electricity 


heat and eloctricity 


Table B 


Chemical Properties of Run 


and burns with the oxygen of 
ie. ` 


2K) + 2H,0() — 2KOH(aq) + H.(g): 


viewed through blue glass, 
In general, the salts 
ing salts of sodium 


i after 
with the sodium hydroxide to 


| 
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form sodium carbonate, which crystallizes as the decahydrate. These crystals 
can eflloresce to form the monohydrate. 
4Na(s) +- 02(g) —> 2Na,O(s) 
Na,0(s) + H,0(1) + 2NaOH(aq) 
2NaOH(s) + CO;(g) — Na,CO,(s) + H;0() 
If heated in air or oxysen, sodium burns with a golden-yellow flame:to form 
Sodium peroxide. 
2Na(s) +- O2(g) — Na;O;(s) 


Action of sodium on water. : 
If a small piece of sodium (a 3 mm cube will be ample) is placed on the surface 


of water in a large dish or trough, the sodium will dart about and melt toa silvery 
ball of molten sodium, liberating hydrogen, and forming sodium hydroxide 
(see page 245). 
2Na(s), + 2H,0() — 2NaOH(aq) + Ha(s) 
sodium 
‘ hydroxide 

If a light is applied the hydrogen given off will burn with a golden-yellow 
flame. Sodium and potassium are so readily attacked by the oxygen and water- 
vapour of the atmosphere that they are usually kept below the surface of 
petroleum oil, : 

Flame coloration 

Sodium compounds impart a persistent golden-yellow coloration to the flame 
(sce flame-test, page 388). This colour is invisibie when viewed through blue 
glass. The above serves as a very definite and delicate test for the presence of 
Sodium in a compound. . i Vo. ee \ Veoumer 


Chemical properties of calcium 
Action of air on'caleium ^ ! ^ 
. . Calcium is not as reactive as sodium and potassium, and it is not mecessary to 
keep it below the surface of petroleum. X t 
A white film of oxide is formed on the surface on exposure to air, , 
Calcium will burn with a brick-red flame if heated in the air and forms quick- 
_ limé, calcium oxide, 
2Ca(s) + O;(g) — 2CaO(s) 


Action of calcium on water (see page 245) : 4 : 
Calcium is attacked by water, liberating hydrogen and forming a suspension of 


\\ calciura hydroxide. If ilis is filtered) a solution of calcium hydroxide (lime- 


Water) is obtained. x 
: Ca(s). +- 2H;0(l) —.Ca(OH);(ag) + H2(8) 

The action is not so vigorous as that of sodium or potassium and à test-tube full 

of water can safely be placed over a piece of calcium in a dish containing water, 

and the hydrogen can be collected. à 


Flame coloration (see page 388) “ oars AM RU XR 
Calcium compounds (especially the chloride) colour the flame brick red. 
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3Fe(s) + 4H,0{g) = Fe,0.(s) + 4H.(g) 
tri-iron 
tetroxide 
` The above action is reversible (see page 187). > b ra 
Note that if air and water act together on iron, iron (III) oxide. is fornei 
but if either of these substances ‘act separately the product is tri-iron tetrox! 
Action of acids on iron 
1. Dilute sulphuric and hy, 


drochloric acids. ron is attacked by these dilute acids 
in accordance with the foll 


owing equations: 
Fe(s) -H H5SO. (ag) => m cub + Hi(g) 


sulphate 


Fe(s) + 2HCl(aq) — FeCl,(aq) + Hg) 
iron(1I) 
chloride 


oxides of nitrogen and ev a. 
Passive state. Uf a piece of clean iron is dipped into concentrated nitric a 

there is apparently no actio; , but the iron no longer behaves as a piece o! 

ordinary iron; for example, it 

solution nor is it attacked by dil 

If, however, the piece of iron is 


the iron by the strong oxidizing 
agent, concentrated nitric acid. 
Iron will readily combine with sulphur and chlorine when heated with them to _ 
form iron(II) sulphide (p 


age 6) and iron(II) chloride (page 368) respectively. 


ron atom possesses 26 electrons. The Shell grouping normally showa for 
5 2, 8, 14, 2. The 2 adjacent to t 


purposes. The resulting ion is then said to be 


The following table shows the formulae (in molecular form) of the more impor- 
tant simple compounds of iron. hae 


lron(Ill) jon Fes* 
Sil Vt lie ee ee 


"i 
Feo Fe;0. 
Hydroxide Fe(OH (ol 
Chloride i E 2 reas 
Sulphate FeSo, t Fes(S0,); 
Soluble iron(li) compounds Soluble iron(IIl) compounds giv? 


wallow ow brown solutions, 
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y Solutions of pure iron(II) compounds are distinguished from those of pure 
iron(II) compounds by the colour differences just mentioned, though, in dilute 
solution the green colour of the iron(II) salts is very pale. Iron(lII) hydroxide 
and iron(II) oxide are both brown, while iron(II) hydroxide, as usually precipi- 
tated, is green. Iron(11) oxide is so readily oxidized by oxygen of the air that it 
cannot be kept under ordinary laboratory conditions. 

A simple test for an iron(II) salt. Dissolve a little iron(II) sulphate in water. To 
the solution, add sodium hydroxide (caustic soda) solution. A dirty-green 
gelatinous precipitate of iron(II) hydroxide is formed. This reaction is typical of 


an iron(II) salt. 
Fe?*(aq) + 20H™(aq) — Fe(OH),(s) 


Where it is, exposed to the air, the precipitate will become brown because it is 
oxidized to iron(IlI) hydroxide. 


2Fe(OH),(aq) + 302(2) + H200, > 2Fe(OH)s(S) 


hloride solution, repeat the 


A simple test for an iron(IIT) salt. Using iron(II) cl 
and is iron(II) 


test just given. In this case, the precipitate is reddish brown 
hydroxide. This reaction is typical of an iron(II) salt. 


Fe3+(aq) + 30H~(aq) — Fe(OH);(s) 


(H1) sait. The conversion of an iron(1l) 


Conversion of an iron(II) salt to an iron 
d is brought about by oxidizing agents. 


salt to an iron(II) salt is an oxidation an 
Fe2+ —e- — Fet 
which is green, add dilute sulphuric acid. 


ly a few drops of concentrated nitric acid. 
For an explanation of this sec 


(A dark brown coloration will probably appear. t 
the "brown ring’, test, page, 440.) Heat the. mixture. Brown fumes of nitrogen 


dioxide are given off and a brown or. yellow solution remains. It contains iron(II) 


sulphate (test as described above). - 
The nitric acid has oxidized the iron(II) sulphate to iron(I11) sulphate and has 
itself been reduced to nitrogen oxide, which, on exposure to air, gives nitrogen 
dioxide. 

3H,SO,(aq) — 
6reso, aq) + ZANO E HSO E Gosta + ano + 2NOW) 
-(ag) — 6Fe**(aq) + 4H,0() +- 2NO(g) 


or 6Fe?*(ag) + 8H*(@q) + 2NO; 
Iron(II) chloride is converted by the oxidizing agent, chlorine, to iron(II) 
chloride, in solution or when heated. j 
2FeCl,(s) + Cl() — 2FeCh©) " 
or 2Fe?*()) + Clg) — 2Fe (9 + 2ct-() 
iersit i ion of an iron(II) - 
Conversion of an iron(1Il) salt to an iron(iT) salt. The conversion of? 
salt toan sa bata is a reduction, and is brought about by reducing agents. 
peteret i 
ion 6 i ri f ric acid and zinc. 
To a solution of yellow iron(HD chloride, add hydrochlo: J 
There is vigorous effervescence with evolution. of hydrogen. [env Se al) 
for 20 to 30 minutes. The colour of the en Men: green. It conta 
chloride: (Test, after filtering, as described abore cidi zi : 
The sap sani is that. in the presence of tbe acid; zinc supplies electrons 


1 
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which are taken up by the iron(IIT) ions, which are thereby reduced to iron(II) 
ions, 
2Fe 4 Za E An e Zn + 2Fe?* —> Zn?+ ++ 2Fe?* 
e > 


Other Teducing agents wil] convert ii 


ron(IIT) salts to iron(II) salts. The action 
of two common 


Ones is represented in the following equations. 


2FeCl;(aq) + H5S(g) > 2FeCl,(aq) + 2HCl(aq) + S(s) 
or 2Fe**(aq) + S?-(g) > 2Fe**(aq) + S(s) 
Fe2(SO,)3(aq) + SO,(g) + 2H,0() > 2FeSO,(aq) + 2H,SO,(aq) n 
E 2Fe*+(aq) + SO,(g) -+ 2H20(1) — 2Fe?+ (aq) + SO;?-(ag) + 4H*(ag) 


(3) The.less reactiv 
Physical Properties 
These are Summarized in Table D, 


© metals; lead and Copper 


PHYSICAL 
PROPERTY 


State 


COPPER 


| Solid 


Solid 
Appearance | Bluish white A red-brown metal possessing a 
lustre. It can be polished 
Density (g cm-3) 11.3 


8.95 
Very malleable and ductile 


Malleability Very malleable, Can be Cut with 
a knife. Has a metallic lustre 
but Speedily tarnishes 

Fair 


327 °C 


Tensile strength 
Melting -Point 


Conduction of heat 
and electricity 


Fairly high 
1080 °C 


It is an excellent Conductor of 
both heat and electricity 


Good Conductor of heat and 
electricity 


Table D 


Chemical Properties of lead 
Action of air and water on lead 
Lead is attacked by air an. 


T te layer bej 
lead which consists of a mixture of lead hydroxide and lead eng formed aus 


and none of the lead is removed 
nowadays, the Water is special} hard iti 
ime to prevent any of th. oi aru mall quantities of 
If lead is trongly heated in air; : 


In air it forms i 
form of le&d(IT) oxide, Massicot (a yellow po 


2Pb() + O2(e) ~> 2PbO(s) 


but if heated to a carefully regulated temperature of about 450 


is formed. 
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*C red lead oxide 


3Pb(s) + 202(g) — Pb30.(9) 


Action of acids on lead 
Dilute sulphuric acid an 


Hot concentrated sulphuric acid attacks lea 
Pb(s) + 2H2S0.(aq) > 


Nitric acid attacks it f° 


3Pb(s) + $HNO;(aq) — 3P! 


dilute nitric 
acid 


The only satisfactory laboratory me 
d(II) nitrate solution. 


of dilute nitric acid to form lea! 


Chemical properties of copper - 


Action of air and water on copper 
Copper is not attacked by pure i 


phere, it is slowly attacked on the s 
n solid 


c chloride, but inlan 
pper forms & layer of black copper(I) oxide on the 


The composition of the grec 
corresponds to a basi 

When heated in the air, cO 
surface. 


Action of acids on copper 
Copper has no action on 
acid. 


3Cu(s) + 8HNO,(aq) — 3 
dilute nitric 


acid 

With hot concentrated sulp 
(II) sulphate is fo 

Cu(s) + 2H; 


Flame coloration 
Copper salts colour 


Questions 


1. Ilustrate, by reference to two 


chemical 
and to four physical properties, the chicf 


differences between the metals and thé hon- 


metals, 


2. A piece of sodi i 
f um which had been ex- 
oiu c a fot ee be covered with 
white powder. The whole specimen was 


sulphate 
forming nitrogen oxide (chiefly). 


air or water, 
urface with the formation of a green solid. 


depends on i 


either dilute 


huric acid sulphur dioxide is libe 


SO,(ag) — CuSO,(a9) + 28;0(0 


between 
. substance formed 


red lead oxide 


d dilute hydrochloric acid have no action on lead. 


d (compare copper): 


PbSO,(s) + 2H20() + SOa(e) 


sulphur 


lead) A 
ioxide 


b(NO3)2(aw + 4H50() + 2NO(g) 
lead(1D waicr nitroge> 
nitrate oxide 


thod of dissolving lead is by the action 


but, when exposed to the atmos- 


ts location; at the seaside it 
d it corresponds to à basic sulphate. 


2Cu(s) + OB —> 2Cu0(s) 


sulphuric acid or dilute hydrochloric 


are liberated, chiefly nitrogen oxide, 


With dilute nitric acid, oxides of nitrogen 
f copper(II) nitrate remains. 


and a blue or bluish-green solution © 
Cu(NOs)2(aq) + 4H,0() + 2NO(B) , 
copper(I) water nitrogen 


oxide 


nitrate 
rated and copper 


+ SO) 


the flame a characteristic bluish green. 


dropped int 20 g of ethanol and 2400 cm? 
. measured at room temperature 


of hydror 
and pressure were set free. e 
tilled off and a white solid 


ethanol was dis 
remained. 
(a) Write the equation for the reaction 
ium and ethanol and name the 


other than hydrogen. 
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_2) Calculate thé mass of sodium which 
dissolved in the ethjanol. 

(c) What would be the mass of ethanol 

i » assuming that there was no loss 
during the Process? 

Suggest a saf¢ty precaution to observe 

when dealing with oiling ethanol, 

(e) The ethanol distilled off, at 80° h 

il slid remained “unaffected 


white solid. FS 
Name anothtr liquid which produces 
hydrogen with scdiun; What difference 


Would yon. obse if identical 
Sodium ‘Were dropped coa Š 


ece 

detail how it ss forrned. ^ 

U^ Describe ons test by which you conte 
ideriity the white Potvde, which originally 
Covered the sodium, 4.) 
3. Two uncommon mktaili lemen 
the following Propertiel- eee have 

: Element X 
Low melting point 
Forms only one chloride, xci 
Usually occurs 


Sually as t 5 
chioving he compound with 


oxide Teacts with 
soluble hy doada Water to form a 


(c) What reaction, if any, would you expect 
lace between these. elements and 


types of particle will be reseni 
inan EU Solution of the chloride, of x1 
ol 


each type of parti i 
Present in 1 litre or hole Xem. dall be 
the chloride of X contàin 7] g 
OW many moles of. chlorine are 
Suggest a value for the 
f X. (L,) 


4. 1 thise metals, From the 
Slowing faformation write them down in 


um : 


Carbon will reduce the hot oxities of Aand 
B but not the oxide of C. A will i move the 
Oxygen from the oxide of B on stro, g heating. 
Explain your reasoning. (S.) 


5. Carbon at red heat will 
from the oxides of the me! 
but not from the oxide 
will remove oxygen fri 
not from the oxide øf B, i f 
List the met: TC, and D in order oF 
decreasing acti ity. If metal A is divalent ie 
metal B is tri ‘alent, write (a) the formula fo! 
the ni Of. A,.(6) the formula’ for the 
.B.) 


Move oxygen 
s A, B, and C, 
metal D. Metal C 
the oxide of A, but 


-sulphate/of B, G.M. 


`7. Name one ore of zinc. Outline the chem- 
istry for the 


9. Describe the Teactions 

metals calcium, Copper, 

(ii) water, (iii) dilute 

there is a reaction, state th 
ive 


y Téasons, arrange the three 
metals in order i i 
activity, (O. and cy ae penia 
10, ibe briefly rwo Teactions which are 
characteristic of an clement above! mag- 
nesium in the electrochemical Series, (S.) 


11. If you were Provided with iron i the 
form of filings, describe i pee 
would igs, in detail how you 


12, Describe briefly h re 
metal in each and zinc, Starting with the 


Oh ree of adding 


@ a little and (b) an excess of sodium 
xide solution to the solutions of the 
of aluminium and zinc. (S.) 


: S: This question concerns the metals lead, 
O mercury, and aluminium. 
ac Place the four metals in order of re- 
(53; putting the most reactive first. 
State which of these metals would re- 
Soph warm, dilute hydrochloric acid and 
equations for the reactions which occur. 
of Bh cribe what you would see if a strip 
nie d were placed in a solution of silver 
Giy te (AgNO) and left for a few hours. 
è an equation for the reaction occurring. 
fro One of the above metals is obtained 
You oxide by electrolysis, another by 
ing the Its oxide, and the other two by heat- 
eir oxides with carbon monoxide. State 
: | metals are obtained by each of the 
three processes. = ree — P 
(6) What ithe connection’ between the 
Way in:which the metal is obtained from its 
(o) and your order of reactivity-given in 
? Give a reason for your answer. (J.M.B.) 


Metals; General Properties. 487 


14. Give the-pame and symbol of a metal 
(different in each instance) which fits the 
following information: (a) it must be kept 
out'of contáct with air or water; (b) it is 
prepared ‘by electrolysis of its molten oxide; 
(c) limestone is one of its common com- 
pounds; (d) it has à green carbonate which, ~ 
on heating, decomposes to give a black 
oxide. (S.) 

15. ‘Describe, in outline, cne method in each 
case by which each of the changes numbered 

1 to 4 below could be brought about; Give 
the essential conditions for the reactions 
invotved and mention briefly how each 
product would be-isolated in those cases 


where a solid 1s produced. 


1 3 
Cu(s) Z Cu! (ag) =k 
ing - 


2 NOH) f 
Describe briefly tivo ways in which solid 
copper(I) chiezae- ditters fom 


nez) chloride: (12) ^ 


I ———— ——— 
38 Revision Notes 


No two students will revise in quite the same way. For proper revision concen- 


tration is essential, and the following method is Suggested, because it does ensure 
concentration. 


(a) Self-expression 


Jege zhoet of paper. Write down in note fo 


heads, ie cE 
S, Under headings if such 


tion is possible. Make a list of all the meiallic chlorides you know, show 


y a . apart from the equation, will be all 
that is Tequired for this Purpose. Draw the diagram freehand, or use a stencil, 


} clearly the apparatus you would 
use. This need not be an ‘art’ as well as a chemistry exercise, but a clear, neat 
diagram helps you, 


forthere is a very great 
are determined to give 
ossibly remember. Now 


i true revision must į 3 
expression. The following revision exercises are arr. ust involve self- 
mind. 


(b) Approach the Subject from a different angle 


If you have followed the text of thi i 
about the various salts classified hore to the ac pa epe 


(c) Read widely 


You will find many excellent textbooks and *, mes : : 
at your school Or in your Public library, [en eh e Sonar see 
ideas, presenting old material in a different form, Chemistry is a eE 


— 
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of increasing importance to you in the civilized life you lead. Read about some 
of the applications and -you will spend many interesting hours and widen an 
deepen your knowledge. 


General statements 


The following list of statements of a general type is given purposely without the 
common exceptions to them. Some are perfectly general and others less so, but 
all are of wide application. Learn them and'attempt to write down (the symbols o1 
formulae only will be quite sufficient to test yourself) any substances which are 
exceptions to the general statement. The exceptions are given on page 497. 


Acids contain hydrogen which can be replaced by a metal. 

Sodium, potassium, and ammonium salts are soluble in water. 

. Nitrates are soluble in water. 

An ammonium salt heated with any alkali and water yields ammonia gas. 
. Heavy metal carbonates yield the oxide and carbon dioxide when heated. 
. Heavy metal nitrates decompose under the action of heat to yield the oxide, 


nitrogen dioxide, and oxygen. 


. Metals are attacked by nitric acid. — t 
. The action of an acid on a carbonate is to yie 


[23 


Id carbon dioxide. 


oon 


Particular statements 


The following list of questions su 
are likely to overlook. Do not turn 
1. What is the on/y common alkaline gas? 


2. What is the only gas which turns brown on exposure to air? 
3. Which common substance is almost insoluble in cold water but quits 


soluble in hot water? j Te" 4 
4. What com.non substance increases its solubility in water very little for £ 


large increase in temperature ? . 
5. What substances are /ess soluble in hot water than in cold? 
6. Which salts cannot be prepared, in solution, by the following method? 


Nein: acid — SALT + water 


7. What are the 2 common in 


8. What are the common inso 
9. What are the 3 common soluble carbonates? i 
10. What are the 3 common soluble metallic hydroxides? 


11. What are the common amphoteric oxides? 
(Answers on page 497.) 


mmarizes many of the unusual facts which you 
to the answers until you have tried them all 


soluble chlorides? 
luble sulphates? 


Common gases 


There are about a dozen common gases. 

Consider the following types of apparatus (Figures 199, 200, and 201). Look a 
them for a few minutes and then close your book. Make à fair copy of € onl 
On a separate page of your exercise book. Under each diagram make a table o 
gases which can be prepared using this type of apparatus. (Some gases neg 
under two headings, according to state of purity required.) Fill in the colunin 


with the details required. The answers are given on page 496. 
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Figure 199 
Example: 
Gas Materials under equation Test 
Hi Zn(s) + H,SOQ.(aq) —>ZnSO,(aq) + H2(g) Explodes with air when 
zinc dilute zinc hydrogen flame applied 
sulphuric sulphate. 


acid 


Figure 200 


If you would use a second wash-bottle, 
Gas i 


| 


state in third column the liquid you would put into i 
Materials uncer equation Test 
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Figure 201 


Gas | Materials under equation Test 


Tests for acid radicals in solution (anions) 
1. Sulphate radical 
To the solution of the suspected sulphate in water, add dilute hydrochloric acid 
and then barium chloride solution. (Barium nitrate solution ,and dilute nitric 
acid can also be used.) A white precipitate of barium sulphate which is insoluble 
in excess acid indicates the presence of a sulphate in the original solution. For 
examp 
BaCl,(aq) + Na2SO,(aq) —- BaSO,(s) + 2NaCl(aq) 

barium sodium barium sodium 

chloride sulphate sulphate chloride 
(INSOLUBLE) 
ionically: Ba?* (aq) + SO;?- (aq) — BaSO,(s) 


2. (a) Chloride radical 

To the solution of the suspected chloride in water, 
by silver nitrate solution. A white curdy precipitate o 
in dilute ammonia) indicates the presence of the chlori 


Solution. For example, 
AgNO,(aq) + KCl(aq) — AgCI(s) + KNO;(aq) 
potassium 


silver potassium i 


add dilute nitrié acid, followed 
te of silver chloride (soluble 
ide radical in the original 


silver 


nitrate chloride chloride nitrate 
(INSOLUBLE) 
ionically: Ag*(aq) + Cl-(aq) — AgCl(s) 


2. (b) Bromide radical. Repeat as 2. (a) 
A pale yellow precipitate of silver bromide, sparingly soluble in concentrated 


ammonia, indicates the presence of a bromide. For example, 
AgNO,(aq) + NaBr(ag) — AgBr(s) + NaNO;(aq) 

sodium silver 

bromide bromide 


lonically: Ag* (aq) + Br-(aq) — AgBr(s) 
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2. (c) lodide radical. Repeat as 2.(a) 


A yellow precipitate of silver iodide, 


insoluble in ammonia, indicates the presence 
of an iodide. 1 


tou 
D 


AgNOs(a9) + KI(aq) —> Agl(s) + KNO,(aq) 
Potassium silver 


iodide iodide 
ionically: Ag* (aq) + (aq) > Agl(s) 
3. Nitrate radical B. 
(Brown ring test, see page 440.) To the cold solution of the nitrate in a boiling- 


4. Carbonate radical 


Add dilute nitric acid to the substance in a test-tube (or to its solution in water) 
Effervescence is observed and carbon dio: 


xide is evolved which, if passed. into 
lime water, gives a white precipitate of chalk. For example, 
CuCO 


s(s) + 2HNO;(aq) > Cu(NO;);(ag) + H3O() + CO;(» 
dioxide 
CuCO,(s) + 2H* (aq) —> Cu?*(ag) + H;0() + CO;(g) 
For sulphite test, see page 408. 


lonically: 


Tests for metal ions (cations) | 
The following are some simple tests for the cations present in single salts (nct 
mixtures). The metallic ions are in combination, not free as elements. Thus the 
test for potassium will be given by any salt or compound of potassium. 
Flame coloration (see page 388) 

Lithium Carmine (deep red), 

Potassium Lilac. Visible through blue glass. 


Sodium Persistent golden yellow. 
Calcium B-'zk-red 


Copper Green or bluish green 


» White cold). 
ZnSO,(aq) + 2NaOH(ag) > NaSO, alaq) + Zn(OH),(s) 
zinc 


ionically: Zn?*(ag) + 20H-(a 
Zn(OH), 


hydroxide 
q) — Zn(OH);(s) 


© > ZnO(s) + H;O(g) 
zinc B 
Oxide 
7 -zhe Green gelatinous Precipitate of iron 


i (II) hydroxide. ! 
“reeinitate of iron(II) hy- 


l 


! 
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‘For example: 
FeSO,(aq) + 2NaOH(aq) — Fe(OH);(s) + Na2SO,(aq) 
iron(II) 
: d š , hydroxide 
ionically: Fe?* (aq) + 20H7(aq) — Fe(OH);(s) 
FeCl,(aq) + 3NaOH(aq) —- Fe(OH)3(s) + 3NaCl(aq) 
A3 iron) 
à » hydroxide 
ionically: Fe?* (aq) + 30H~(aq) — Fe(OH)s(s) 


Lead(IT) salts. White precipitate of lead(II) hydroxide soluble in excess of 
alkali. Precipitate ignited in crucible forms lead(II) oxide, a yellow powder. 


For cxample: 
Pb(NO;).(aq) + 2NaOH(ag) — 2NaNO;(aq) + Pb(OH).2(s) 
ionically: Pb?*(aq) + 20H- (aq) — Pb(OH);(s) 
Pb(OH);(s) — PbO(s) + H20(g) 
Ammonium ion, NH,*. Boil with sodium hydroxide solution. Ammonia gas 


(turns red litmus blue) evolved. : 
For example: VL 


NH,Cl(aq) + NaOH(aq) — NH,(g) + H20() + NaCl(aq) 


ammonia 
ionically: NH4* (aq) + OH-(aq) — NH3(g) + H200) 
(NH4),SO,(aq) + 2NaOH(aq) —> 2NH3(g) + 2H50(l) + Na,SO,(aq) 
3 It will be seen that the common metal ions (if present singly) can be detected 
either by 


(a) Flame coloration or 
(b) Action of sodium hydroxide solution. 


Action of heat on common substances 
Basic oxides of metals 
No action except 


2HgO(s) —> 2Hg(l) + O(g) (silver similarly) 
Epub mercury Oxygen 
oxide 


Peroxides and dioxides of metals’ 
All decompose giving off oxygen (except sodium peroxide). For example: 


2H;0,(aq) — 2H;O() + O2(g) 


hydrogen water oxygen 

peroxide 

2PbO,(s) — 2PbO(s) -++ O22) 
lead( V) tead i) oxygen 
/ oxide oxide 


ydroxides 
hese decompose under action of heat (except sodium hydroxide and potassi 
aydroxide) to give «he oxide. 


jum 
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Chlorides Pres 
No action except on ammonium chloride, which sublimes and dissociates. 


NH,Ci(s) = NH,(g) + HCl(g) 
Nitrates 


(a) Sodium and potassium nitrates. 


2KNO;(s) — 2KNO,(s) + O;(g) 
potassium oxygen 
nitrite 
(b) Heavy metal nitrates, e.g., 
2Pb(NO;);(s) — 2PbO(s) + 4NO;(g) + O, (nitrates of silver and 
lead(IT) nitrogen oxygen. mercury decompose 
oxide dioxide 


to metal) 
(c) Ammonium nitrate, 


-NHNO (s) > N20(g) + 2H,0(g) 


dinitrogen water 


oxide 
Sulphates 
2FeSO,(s) —> Fe;O.(s) + SO,(g) + SO.(g) 
iron(II) iron(III) sulphur. sulphur. 
sulphate oxide dioxide trioxide 
Fe,(SO,)3(8) — Fe203(s) + 3805(g) 
iron(IIT) sulphate 
Carbonates 


All decompose except sodium and potassium carbonate, e.g., 


CuCO,(s) — CuO(s) + CO.(g) 


copper(II) copper(II) carbon 
carbonate oxide dioxide 


Hydrogencarbonates (bicarbonates) 


Decompose to give carbonate, water, and carbon dioxide, e.g., 
2NaHCO,(s) — Na;CO() + H,O() + CO,(g) 


Ammonium salts 
‘These always decompose; sometimes sublime, 


*-8., ammonium chloride, 
NH,C\(s) = NH + HC 
4! Ks ) a(g) Kg) 


chloride 
Ammonium nitrate, See Nitrates, 
Metals 


2C; 
ES a) + 0,(g) > 2Ca0(s) 


5 oxide 
Mets) - + O;(g) > ZMe0(0) 
Oxide 
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Nor smetals 
à Carbon, \aosphorus, and sulphur combine with the oxygen of the air to form 
acidic oxi. »s, e.g. 


35 


S(s) + O2(g) — SO2(g) 


sulphur sulphur 
dioxide 
Miscellaneous 
Hydrates (the: 1. salts possessing water of crystallization) give off water 


vapour. For examp.^: 
Na,CO;.!0H,O(s) — Na,CO3(s) + 10H,O(g) 


sodium carbonate anhydrous water 
crystals sodium 
carbonate 


Potassium chlorate. z 
2KCIO3(s) > 2KEl(s) + 30:8) ^— ^ 


a eui ride | Sane 
Red lead. jet 
2R Oa = oq + Oxo 
ee o 
Answers 


Gas preparations 
The following remarks should be considered together with the diagrams on 
pages 490-1. 


General notes on preparations of gases 
1. Do not collect gases of approximately the same density as air by displace- 
mentiof air. If the gases are required dry they must be dried by a suitable sub- | 

stance’and-collected in a syringe. This refers to O;, N20, NO, N;. 
The following igases may be dried with concentrated sulphuric acid (symbol 
or other formula only given): ‘ i 


O, H, N, N,O HCl CO, SO, CL CO 


For the following, use special drying agents. 


Ammonia - quicklime. : i ; 4 7 , 
Hydrogen sulphide — anhydrous calcium chloride (quite satisfactory in 

. Practice). $ i 

2. Never dry a gas and then collect it over water. ` — 

3. Draw your diagrams with the following points in mind. 

(a) The apparatus stands on the bench. Do not draw, for example, a wash- 
bottle in mid-air. 1 

(^) Show a clear way through for the gas to pass. A diagram should be a 
section and not a pictorial illustration. Do not waste time on non-essentials. 

(c) Label the diagram clearly. It makes a description much briefer and leaves 
no room for doubt. i A 

(d) Indicate simply how the apparatus is supported, for example, tripod an 
gauze, clamps, etc. 


snnt 
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i on 
4. If a steady supply of a dry gas is wanted (for example, hydrogen, us B us 
monoxide for reduction of oxides) an anhydrous calcium chloride tu p 
preferred, as the drying apparatus, to a Woulff's bottle containing sone ie 
sulphuric acid. The latter gives a jerky supply of the gas, the former 
supply. i ^ is 
` P Give the equation for'the reaction concerned on or near the diagram a 
then clear to which action the equation refers, and you have then comp! 
two of the important steps in the description of any chemical process. 


Figure 199. Flask, thistle funnel ~ no heat — collect over water; 


—_ SS 


Materials unde? équation 


Test 
EP D oe 
z Zn(s) + HjS0,(aq) —» ZnSO.(aq)-- H2(g) | Explodes with air when 
ga zing dilute ', -o nc hydrogen flamé applied. 
: sulphuric edd - sulphate E 
H3S FeS(s) + 2HCl(dd) +> FeCl;(aq) + HaS(9) Blackens lead(!l) acetate 
anda Maende Ne eB D paper. 
acid = PA : 
$ An Yu. "4 
CO: | CaCO;(s) + 2HCl(aq) —> Turns lime water turbid, 
E marble dilute. 
hydrochloric 
acid 


CaCl; (aq) + H20(!) + COs(g) 
celclum carbon 
chloride. 


€— Sloxide 
| i f t; 
NO , 3Cu(s) + 8HNOs(aq) — 
| copper taltly conc. Nik 
l nitric acid En 
SCu(NO;);(aq) + 4H;O(I) + 2NO(g) | Forms brown fumes on 
i SSLN) : avem exposure to air, 
Cl, | 2KMnO.(aq) + 16HCl(aq) —> 
| potassium: conc. 
j. Permanganate trrcipchiors 
|  2KCl(aq) + 2MnCl3(aq) + 8H30(1) + 5Cl;(g) | Bleaches damp litmus 
poem. & chlorine 


(greenish-yellow gas) 
(Collect over brine.) 


7 


Figure 200. Flask heated, wash-bottles, collect by displacement of air: 
+ 


i Materials under equation B 


Test 
HCI NaCl(s) + H504 (aq) —> NaHSO. 


sodium conc. sodiu «(2q) --HCl(g) | Gives white precipitate of 
n m " 1 
chloride sulphuric fydtogere "ies?" |- AgCI with silver nitrate 
(Hist qo sama f pone In nitric acid solution. 
(Concentrated sulphuric 


acid in wash-bottle.) 


SO; Sug) t 2H280.(aq) m Decolorizes potassium 
| a sulphure permanganate without 
acid x ae Jishur 
1 precipitate of sulphur 
| CuSO; (aq) + 2H,0(1) + $02(9) | (Concentrated sulphuric 
sulphur. | 
! 
| 


— dioxido ` L` acid in wash-bottle-) 


Na 
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—— 


Test 


| Bleaches damp litmus. 


!* (Water in first bottle and 
concentrated sulphuric 
acid in second.) 

Chlorine attacks mercury. 


| Burns with blue flame to 
!- carbon dioxide (pass 
through two bottles of 


caustic potash solution 
| and collect over water). 


_ 


Test 


Gas | Materials under equation ! 
Cl, | MnO;(s) + 4HCl(aq) — 
man- cone. 
Ganeso(IV) hydrochloric 
oxide. acid (or 
common salt 
and conc. 
sulphuric acid) 
MnCl;(aq) + 2H:0(!) + Cl; (9) 
i manganesa(il) chlodna ^ 
H chloride 
co HaC204(s) — H20(!) —> CO(g) + CO: (9) 
ethanedioic (oxalic) carbon carben 
ecid and conc. monoxide dioxide 
sulphuric acid x 
to remove 
the elamants 
| of wator 
i 
Figure 201. Hard glass tube or small flask. Collect over water. 
/ Materials under equation 2 
2 oe BREL EUR 


MnO2 
2KCIO3(s) ——> 2KCK(s) + 


potassium potassium 
chlorate ehtovide 


302(9) 
oxygen 


| 2KNO3/(N ae 
Da/(NHa)3S02(99), —> 2Na(a) + 44201) + 
solution steam 


K,S0.(a9) 
potassium 
sulphate 


N,O |2KNO;/(NH;);S0, (aa) — 2N5O (9) + 4H;0() + SO. (aa) 


dinitrogen ‘steam 


‘ammonium nitrate 
oxide 


solution 
(do not heat flask to dryness) 


Special diagram 
Answers to general statements 
(N.B. Common exceptions only 
1-5. No exceptions. 
6. Silver nitrate yields the. 
2AgNOs() — 
7. With concentrated nitric acid iron be 
8. Certain salts, being inso 
preventing the action O 
dilute sulphuric acid, bariu 


Answers to particular statements 

(N.B. Common exceptions only given.) 
1. Ammonia. 
2. Nitrogen oxide. 
3. Lead(II) chloride (also lead(IT) iodide). 
4. Common salt. 
5. All gases. 
&, t adi) chloride, 

(Carbonates ai* not usually prepar 


lead(ID, calcium, 


ed by thi 


potassium 
sulphate 


given.) (See page 489.) 


L 


for ammonia and carbon mono 3e. (See 


]uble, form à protective layer ri 
f the acid. For ex 
ni carbonate an 


Rekindles glowing splint 
— nct soluble in water. 


Inert aas. Gives negative 
test with splint and 
lime-water. 


Rekindles glowing splint 
— soluble in cold wate’ 


pages 426 and 315.) 


metal. Mercury(II) nitrate similar. 
2Ag(s) + 2NO(@) + 028) 


comes ‘passive’ (see page 482). 
ound the carbonate, 


ample: calcium carbonate and 
d dilute sulphuric acid. 


and barium sulphates. 
s method.) 4 


~ 
- 


Ae 


À A Now Certificate Chemistry 
Ez Silyer chloride, lead(II) chloride. 
8, Lead(II) Sulphate, barium sulphate. 


- Sodium, Potassium; and ammonium: carbonates. 


.10. Sodium, potassium, and caleium hydroxides. (Calcium hydroxide is only 
slightly soluble.) 


l1. Zinc oxide, lead(II) oxide, aluminium oxide. 


AT a ee Se PE Cn Ta eS hee 
Relative Atomic Masses 


_ (Scaled to the relative atomic mass °C = 12 exactly) 
Values quoted in the table, unless marked * or f, are reliable to at least 4-1 in the oun catt 
figure. A number in parentheses denotes the atomic mass number of the isotope of longest known 


UPAC 1975 


half-life. 
ha Relative Relative 
Noe: Name Symbol Atomic Atomic Name Symbol Atomic 
ass J- Mass 
1 Hydrogen H 1.008 53 Iodine I ! 126.9 
2 Helium He 4.003 54 Xenon. . Ke- 131.3 
3 Lithium Li 6941*t 55 Caesium Cs 132.9 
4 Beryllium Be 9.012 56 Barium Ba 137.3 
5 Boron B 10.811 57 Lanthanum La 138.9 
6 Carbon C 12.01 58 Cerium Ce 140.1 
7 Nitrogen N 14.01 59 mium © Pr 140.9 
8 Oxygen O 16.00 : 60 Neodymium Nd 144.2 
9 Fluorine F 19.00 61 Promethium Pm (145) 
10 Neon Ne 20.18 62 Samarium Sm 150.4 
11 Sodium Na 63 Europium Eu 152.0 
12 Magnesium Mg | 2431 64 Gadolinium ^ Gd 157.3 
13 Aluminium Al 26.98 65 Terbium Tb 158.9 
14 Silicon Si 28.09 66 Dysprosium Dy 162.5 
15 Phosphorus P 30.97 67 Holmium Ho 164.9 
l6 Sulphur S ^ 3206 68 Erbium Er 167.3 
17 orine Ci `: 3545 69 Thulium Tm 168.9 
18 Argon Ar ` 39.95 . 70 Ytterbium Yb 173.0 
19 Potassium K 39.10 71 Lutetium Li 175.0 
20 Calcium Ca - 72 Hafníum i HF 178.5 
21 Scandium Sc. : 4496 73 Tantalum Ta 180.9 
22 Titanium Ti 47.90* 74 W 183.9 
23 Vanadium V... 5094 (Wolfram) _ 
a Chromium Cr» ‘ -$2,00 75 Rhenium— — Re 1862 
26 Iron Fe .:55.85 77 Iridium Ir 192.2 
27 Cobalt Co : 78 Platinum - Pt 195.1 
28 Nickel Ni 58.70 79 Gold Au 197.0 
29 Copper Cu 63.55 80 Mercury Hg 200.6 
30 Zinc Zn 65.38 81 Thallium Tl 3204.4 
31 Gallium Ga 69.72 82 Lead Pb 207.2t 
32 Germanium Ge. 9* 83 Bismuth Bi 209.0 
33 Arsenic As 74.92. 84 Polonium Po (209) 
34 Selenium Se 78.96* 85 Astatine At (210) 
35 Bromine Br 79.90 86 Radon Rn (222) 
36 Krypton Kr 83.80 87 Francium Fr (223) 
37 Rubidium Rb 85.47 88 Radium Ra (226) 
38 Strontium Sr 87.621 89 Actinium Ac (227) 
39 Yttrium Y 88.91 90 Thorium Th 232.0 
40 Zirconium Zr 91.22 91 Protactinium Pa (231) 
41 Niobium Nb 92.91 92 Uranium U 22801 
42 Molybdenum Mo 95.94* 93 Neptunium Np (237) 
43 Technetium Tc (97) 94 Plutonium Pu (244) 
44 Ruthenium Ru 101.1 95 Americium Am n 
45 Rhodium Rh 1029 96 Curium Cm — 4D 
46 i Pd 1064 97 Berkelium Bk e 
47 Silver 107.9 98 Californium Cf Cy 
48 Cadmium ei 112.4 99 Einsteinium ps 257) 
49 Indium I 1148 100  Fermium Fm D 
50 Tin Sn 118.7 101 Mendelevium “o (259) 
31 Antimony Sb 121.8 102 Nobelan ir (260) 
32 Tellurium Te 1276 ^ 103 Lawrenci 


n. 


a 


Approximate Relative 
Masses 


tomic 


Aluminium 

Argon 40 Hydrogen I 14 Xenon 
Barium 137 Todine 127 16 Zinc 
Bismuth e Eon 2 31 

Bromine “Krypton 39 

Calcium 40 4 Eead 207 28 

Carbon 12 _ Lithium 7 108 

Chlorine 35.5 Magnesium 24 23 

Copper 63.5 ‘Manganese — 55 32 

Fluorine 19 Mercury 201 119 

Gold eg rr » Neon 20 48 


ETE! 
Answers to Numerical Questions 
ret ene prsemdado 15.03 7 Rer eR ES T 


(f) 637 cm?; (g) 642 cm?; (/) 133 cm?: 


Chapter 2, page 29 J 3 (s ; 
| 8. 3.178; 1.59.8; X20 (N 118 cms? CA Sis ems (9 761 em; 
10. X203 (answers T parta (g) to (m) are given to 

ree significant figures.) 

Chapter 3, page 41 5. 800 mm Hg; 800 mm Hg 


1. (a) 253.3 cm?; (b) 1638 cm?; 273 750 
(c) 1110 em?; (d) 450 em’; (o) $70cm3; — 6. 593 and 5 


Chapter 4, page 46 
1, 


Number of Number of 
moles Particles 


Element 


ae 


0.4 | 2.4 x 1023 
— 
1.2 x 10?! 


Sodium 


Gold 


2x 107" 
-———— 
3 x 107° 
SS 

1077 


Uranium 


3.3 x 1034 


24 x 10?! 


3 x 10% 


5.4 x 107 


4 x 1078 


24 x 1078 


5 x 107° 


Hydrogen, Ha 


2. 667g 


| 502 Answers to Numerical Questions 


Chapter 5, page 54 

6. FeS; 

7. (i) 104 g in A, 208 g in B; (iii) XO; 
8. CuO; 16g 


12. A, PbO; B, PbO, 


Chapter 6, page 63 
3. (b) 63.6 cm?; (c) 3508 s 
4. (a) (i) 340 8; (ti) 216 g of Ag, 92 g of 


NO;; (iii) 2 moles Ag, 2 moles NO,, 
1 mole O; 


5. 16.0 g; copper(II) oxide 
6. (c) (i) 600 cm?, (ii) 20 cm3; (d) 25 cm?; 
(e) (i) 1 dm?, (ii) 24 dm? 


Chapter 7, page 69 

1. 15.875 tonnes 

2. 1.55g 

3. (à) ZnCl; (b) NaCl; (c) CuSO,; 


(d) PbN;O, 
4. (a) Na, Gi 38% H, 1.19%; C, 14.2995; 
O, 4 


(c) N, 212195; H, 6.06%; S, 24.24% 
O, 48.48% 


ELM 
- 15.89 g; slaked lime 5.42 
10. 73g s : 
1. 97,5 % 
12. 203 
13. 20g 
14 x =1 
kie 
17. 20219] a(g) — 2X0, 
5 ives, 
* XC) (1) 6.21 g; (ii) 0,96 5 (iii) 32 g; (iv) 2 
moles; (v) PbO., UE EUN, M 


20 Ro 1 mole; (ii) PbO, lead(IT) oxide 


Chapter 8, page 76 


S. (9 47; 0) 47; (©) 60; (a) 62. Ag = 108 


Chapter 11, page 115 

1. (8)17 g; (b) 34 > ; ; 

2 @) 3250) 64; 39 HON BOA 
3. CH, 

5. 71 

6. (a) 23; 46 


Chapter 12, Page 120 
1. 33.6 dm? 


2, 1.083 dm? 
3.71 


1.55 dm? 

| 3.5 dm; 2 dm? 
2.8 dm? 

4 


124 
- (a) 1.63 g; (b) 36.5 
. (b) 58, x = 4; (c) 0.70 g 


Chapter 13, page 131 
5. ies SUIS erai : 
7. (i) CO;, 15 cm 3 O2, cm 
8. (a)empirical formula HSe; (b) molecular 
formula H;Se; (4)100 cm? "CH 
10. (b) 10 cm?, 20 cm?; (4) 10 cm?; (f) CH« 


Chapter 14, page 139 


2. 0.0943M 


6. 0.3M; 31.8 g dm-? 
7. 30 cm? 


8. 8g 
9. (c) (i) 2.7 x 1075; (ii) 0.108M j 
10. (a) 5 dm3; (b) 31.25 €m?; (c) 50 cm 


Chapter 15, page 145 
1, 0.25M 
2. 627g 
3. (a) 0.0714M; (b) 4.00 g 
25.0 cm? 


10. 
11. (i) 02M, (ii) 21.2 g dm-? 

12. (1) 0.05M, (ii) 126 " 
13. (a) 1.25M; 45.6 g dm-?; (b) 700 cm 1 
14. 20.8 cm?; 0.833M 


15. 0.2M; (i) 112 cm?, (ii) 2.12 g 
16. H;PO,; 2M 


35 
17. (b) (i) 4.32 dm-^?, (ii) 40 cm? 
18. (29328: (b) 2 E 
19. 197 cm? 


Chapter 16, page 167 


11. 03175 g Cu; 0.08 g O 

14. (d) 0.01 mole Ha; 0.005 mole 0,; 224 
mic» 112 em? 03; (e) 563 5; (D 0.01 

2^ 

15. (a) 2, Faradays, 1 F. 

16. (2) 2; (b) X**; (O) KO, 

17 635 8 Ou; 2.24 dm* E, : 
a) 31.75 g; (b) 9.0 g: 12 dm’; 

(d) 5.6 dm3 540.1 : 

25. 3.36 dm? 


Chapter 17, page 178 
13. 101.6 g 
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Chapter 19, page 199 6. (i) 22.4 dm; (ii) 44.8 dm; (iii) 44.8 dm? 

5. 224 dm? Tus 

10. 1.12 dm? 

14. 1.12 dm?; 2.24 dm? Chapter 27, page 324 

1. (c) CHs; CiHs 

Chapter 20, page 210 8. 11.2 dm? CO; 11.2 dm? Ha; 11.2 dm? 

| 7. 1920 kJ cos 
y 11. (a) Yes; 560 cm? 


9. (b) methanol, 723 kJ mol-'; ethanol, 
1366 kJ mol- ' ; propanol, 2004 kJ mol- ' 16. (d) 100 
(c) approx. 2644 kJ mol^' 
10. (a) Mg, 4.17; Al, 3.70; Cu, 1.56; Mo, Chapter 28, page 353 


1.04; Pt, 0.513 

(c) about 2.2 moles in 100 g, hence Sc 11. 1.5 dm*; 200 cm? 

& 45.5 

(D ppror 2.2 moles Sc, 6.65 moles Cl; Chapter 30, page 377 

cC 
13. (0-265019; (b) 882.0 kJ mor: — I (410509; Bs, 
12: (a) —57.3 kJ; (0) — 114.6 kJ ` 1010489) = 3,04) + LG) 
Panter 23, page 260 Chapter 33, page 419 
. (b) (i) approx. 78 °C: (ii . 15:.1026 

(iii) app 57 i C; (i) approx. 75 g; 21. Mo = 96 

16. (a) 7 g/100 g water; (g) 23 & 22. 400 cm? of M NaOH 
Ee MAD AS S us 
- 48. 2^ gj wat E 

X a, 98 g/100 g water at 70 °C; 14.9 g/100 EN OS 


p water at 40°C 


Chapter 34, page 444 


24. 4. 388 g 
& (l2 
Chapter 24, page 279 10. 82 g Ca(NOs)z:-85 g NaNO, 
9. (e) 5.858 12. Volume increases by 100 cm? 
10. 90; 42.4 V. : . 46. (b) G) 4.25 g; (i) 4.25 8 
11. 30 g ethanoic acid; 20 cm? molar HCI; 47, (c) 1.2 dm? 
; 224 cm? CO 20. (d) 120 cm? 
12. n= 2 
13. (f) 287; (0 514 € Chapter 35, page 452 
it As 9. (f) 19.6 g; 1 mole 
Chapter 25, ee e 8 Chapter 36,.page 467 
5 AR EY 
i o OR Ae 2. m tons Al; 700 tons Fe 
14. 20 em? Os; (a) 90 cm*; (b) 0.227 8 3. 18 $61 g Zn; 667 g SO: 
17. Fe;Os d OF re gen, 
19. Fe;O;s her 


24. 11.2 dm?; (b) 224 dm? 
(a) m°; (b) Chapter 37, page 485 


B hanol 
Chapter 26, page 306 2. (b) 4.6 g Na; 40.8 g ct 
Cl atoms; 132.5 
1. (5) 0.65 g 3. (e) 2 moles 


=v) y 
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General Questions 


1. 1.60 g of the oxide ofa metal M gave1.28 
8. of:the metal (M = 64) when reduced in 
hydrogen. Deduce from the data the formula 
of the oxide and write the equation for the 
reduction. (O — 16.) 

2, 3.60 g of magnesium were. burnt in air, 
Afer addition of water (to eliminate nitride), 
drying, and heating to constant mass, 6.00 g 
of oxide remained. From the data, deduce 
the simplest formula of magnesium oxide. 
(Mg = 24; O.='16,) Write the correspond- 
ing formula for'the nitride and give. the 
equation for its decomposition: by water (to 
ammonia and magnesium hydroxide). 

3. 0.888 g of a metal M (M = 64) were con- 
verted.to its oxide, which weighed exactly 
1g. Show. from the data that the simplest 
formula of the oxide is M20 and write 
Corresponding formulae for its chloride and 
sulphate. (O = 16.) p 

4, Q.225 g of a metal M (of relative atomic 
mass:27) liberated 303 cm? of hydrogen 
(measured dry at 17 ^Cand 740 mmHg) from 
excess of dilute hydrcchloric acid. Deduce 
from the data the corresponding equation 
and write formulae for the oxide and sulphate 
of M, (22.4 dm? of hydrogen at s.t.p. weigh 
2.016 g.) 

5. When 1.95g of metal’ M (M — 65) re- 
Acted with excess of hot copper(II) sulphate 
solütion, the mass of copper deposited (when 
purified and dried) was 1.92 g (Cu = 64). 
Show that these. figures correspond to the 
*quation: " 

CuSO, + M — Cu + MSOs 
6.1.30 of zinc containing carbon as im- 
purity Wa dissolved in nitric acid. After 
filtration and washing of the residue, the 
fntire liquid was evaporated to dryness and 
the solid ignited, The mass of zinc oxide left 
Was 1.59.5. Calculate the percentage of pure 
pe in the sample. (Zn — 65; O — 162 

1,233 g of a metal, M (M = 116) were con- 
Weed to its anhydrous chloride and, by 
5 22.08 with concentrated sulphuric acid, to 
the E Of the anhydrous sulphate of M. From. 
Vers tala, deduce the equation for the con- 
the fou of the chloride to sulphate and write 
nites ot™ulae of the corresponding oxide an 

Ate of M, (SO, = 96.) 


8. Two oxides of ‘a metai contained 
spectively 92.59% and 96.15% of the sets) 
Show these facts to agree with the law o. 
multiple proportions. 3 


9, One oxide of phosphorus contains 43.6% 
of oxygen, whilst another contains 43.695 of 
phosphorus, Show this is in accordance with 
the law of multiple proportions. 


10. iron(H) chloride contains 56.0% of 
chlorine by mass and 1 g of it was converted 
into iron(IH) chloride by. the action of 
chlorine, 97 cm? of which were absorbed 
(measured at 17°C and 735 mmHg). Show 
the above to agree with the law of multiple 
proportions. : 
11. A metal, M, formed a chloride which, on 
analysis, was found to contain 55.6% by 
mass of chlorine. When heated in dry hydro- 
gen chloride, 0.800 g of M yield 1.814 g of 
a chloride; when heated in dry chlorine, 
0.700 g of M yielded 2.031 g of a chloride. 
In each of the three cases, calculate the mass 
of chlorine which combines with one gramme 
of M. Are these figures in accord with one or 
more chemical laws? 

12. Four samples of oxides of'a certain metal 
were reduced to the metal with results quoted 
below. In each case, calculate the mass of 
metal which combines with one gramme of 
oxygen. Are the figures in accord with one or 
more chemical laws? . 

Mass of oxide (g) -Mass of metal (g) 


a) 2:973 2.760 
(5) 3.585 3,105 
ð 2.230 2:070 
(d) 9.133 8.280 


13. What mass of metallic mercury will be 
obtained by completely decomposing 1.08 g 
of mercury(II) oxide by heating? 

14. 4.6g of metallic sodium are converted 
PUR common salt by heating sodium in a 
current of chlorine. What mass of common 
salt is obtained? 

15. 0.6 g.of magnesium is heated in a current 
of oxygen. What mass of magnesium oxide 
will remain? 

16. What-is the percentage composition by 
mass of anhydrous zinc sulphate? . 


506 General Questions 


17. What mass of dilute nitric acid contain- 
ing 20% of the pure acid will be needed to 
dissolve 10 g of calcium carbonate? 

18. 17.4 g of pyrolusite, containing 80° by 
mass of manganese(IV) oxide and the rest 
inactive matter, were warmed with excess 
of concentrated hydrochloric acid. What is 
the volume of chlorine given off at S.t.p.? 


19, What mass of ammonia would be 
evolved by heating together 100 g of ammon- 
ium chloride and 70 g of calcium hydroxide? 


Which of the reagents is in excess and by 
what mass? 


20. 2.10 g of a mixture of potassium chlorate 
and potassium chloride were heated until the 
evolution of oxygen was complete. This 
residue weighed 1.62 g. What is the percent- 
age by mass of potassium chloride in the 
mixture? 

21. 4.6 g of sodium are added slowly to 10 g 
of water in a small dish. What is the total 


mass of the solution left when the action i5 
complete? 


22. What mass of water would be required 
to react with the calcium oxide which could 


be obtained by strongly heating 100g of 
calcium carbonate? 


23. What mass of copper would be required 
to react with 100 g of nitric acid, and what 
mass of copper(II) nitrate would be formed? 
Use the equation 
3Cu + 8HNO, — 
3Cu(NO;)2 + 4H;O + 2NO. 
24. 0.920 


£ of a mixture of metallic copper 
and copper(II) oxide was heated in a stream 
of hydrogen until reduction was complete. 
The residue weighed 0.752 2. What was the 
Percentage of metallic copper in the original 
mixture? 


25. 1.12g of a mixture of sodium chloride 
and ammonium chloride was dissolved in 
water and an excess of silver nitrate solution 
was added to precipitate the silver chloride. 
This precipitate was found to weigh 2.87 g- 
What were the masses of sodium chloride 
and ammonium chloride in the original 
mixture? 


26. On exposure to air, washing soda, 
Na,CO3.10H,0, effloresces to leave sodium 
carbonate monohydrate. Calculate the loss 
of mass (a) per 7.15 g of washing soda, (b) 
Per metric ton of i ig soda if this process 
of efflorescence is completed, 

27. Some zinc sulphate tals were 

to constant mass with the fol aa 


lowi Ite: 
Mass of crucible ee i, 
Mass of crucible and crystals 25.74 
Mass of crucible and residue 2322g 
From the data, calculate x in the formula 
ZnSO..xH A 


28. A powder contains sodium sulphate 
anhydrous and decahydrate. On heating to 
constant mass to produce the pure anhydrous 
salt, 2.50g of the powder left 1.60g of 
residue. Calculate the percentage of each 
form of sodium sulphate in the powder. 


Assume in questions 29 to 52 that the 
molar volume of any gas at s.t.p. is 22.4 dm’. 
Assume the pressure is 1 atm and the tem- 
perature is that of a room, i.e. about 15 °C, 
unless otherwise stated. 


29, What volume of oxygen at s.t.p. will be 
obtained by decomposing 4.32g of mer- 
cury(1I) oxide by the action of heat? 


30. 50 cm* of oxygen are mixed with 50 cm* 
of hydrogen at ordinary room temperature 
and exploded. What is the volume of the 


residual gas on cooling to the original 
temperature? 


31. What volume of carbon dioxide mea- 
sured at s.t.p. can be obtained by heating 


75g of calcium carbonate to a high tem- 
perature? 


32. What volume of carbon dioxide at s.t.p. 
could be obtained by dissolving 50 g of pure 
marble (calcium carbonate) in dilute hydro- 
chloric acid? 

33. S0 cm? of ammonia are sparked con- 
tinuously until there is no further volume 
change. If 98% by volume of the ammonia 


is decomposed into its elements, what is the 
final volume of gas? 


34. What volume of hydrogen at s.t.p. could 
be obtained by the action of 232g of 
magnesium on dilute hydrochloric acid? 


35. 1000 cm? of chlorine are mixed with 
1500 cm? of hydrogen sulphide, both gases 
at s.t_p. What is (a) the mass of sulphur 
deposited, (b) the volume and name of the 
gas left at s.t.p. if the reaction is complete? 
36, 100 dm? of sulphur dioxide measured at 
0°C and 740 are mixed with an 
equal volume of hydro, 

same tem 


Oxygen? 


38. What volume of hydro; d at 
x gen measurec 
20°C and 760 mmHg would be obtained 
y dissolving 1.30 g of zincin dilute sulphuric 

acid? 
39. 50cm? of hydrogen are mixed with 
10 cm? of oxygen, both gases at 120°C an 


750 mmHg, and , What is the total 
volume of zas iae eris to the original 


temperature and pressure? What percentage 
this gas by volume is steam? 


40. What mass of sodium nitrite would be 
Necessary to react completely with 1.07 g of 
ammonium chloride? What volume of 
nitrogen measured at 25 °C and 730 mmHg 
Would be given off if the mixture was dis- 
Solved in water and heated? 


4]. 200 cm? of hydrogen were sparked with 
75cm? oxygen, both gases measured at 
14 *C. What was the total volume of residual 
gas (a) at 127 *C, (b) at 14 *C? Pressure con- 
stant throughout at 760 mmHg. 


42. 73g of ammonia are mixed with an 
equal mass of hydrogen chloride. What is the 
mass of ammonium chloride formed? What 
is the volume of gas remaining measured at 
14 °C and 750 mmHg? What gas is it? 


43. 5g of zinc were added to dilute hydro- 
chloric acid containing 10 g of the pure acid. 
Calculate (a). the volume of hydrogen given 
off at 15°C and 770 mmHg, (6) the mass of 
pure acid remaining at the end of the action. 


44. 2g of a mixture of potassium chlorate 
and potassium chloride yielded, on heating. 
336 cm? of oxygen measured dry at 15°C 
and 747 mmHg. What is the percentage by 
mass of potassium chlorate in the mixture? 


45. To 40 cm? of a mixture of hydrogen and 
nitrogen were added 50cm? oxygen. After 
explosion and cooling, the residual gases 
occupied 45 cm?. What is the percentage by 
volume of hydrogen in the original mixture? 
(All measurements at 15 °C and 760 mmHg.) 


46. 16.32 dm? of ammonia measured at 
27°C and 700 mmHg were passed slowly 
over heated copper(II) oxide. What volume 
of nitrogen measured at 35°C and 700 
mmHg pressure was obtained? 


47. 20 g of benzene, C.H, were completely 

urnt to carbon dioxide and water. What 
Yolume would be occupied at 127°C and 
740 mmHg by the residual gas? 


m 25 cm? of air were mixed with 50 cm? of 
sYdrogen and the mixture was exploded. The 
voume of gas left was 60 cm? after cooling 
is di at thc same conditions as before. What 
air T percentage by volume of oxygen in the 


49. When dehydrated by hot, concentrated 


. Sulphuric acid, ethanedioic (oxalic) acid 


dori equal volumes of carbon monoxide 

itt dioxide. If 100cm? of this 

expl ure is added to 50 cm? of oxygen and 
Ploded, what volume of gas remains? 

: t volume of gas remains after absorption 

On excess of potassium hydroxide solution? 

w CaSurementà at constant temperature and 
Tessure.) 
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50. 50cm? of a sample of water-gas con- 
taining carbon monoxide and hydrogen were 
mixed with 100 cm? of oxygen and exploded. 
After cooling to the previous conditions, 
100 cm* of gas were left. After absorption 

with excess of potassium hydroxide solution, 

n. of oxygen uL What is the 

volume composition of the water- 

that it satisfies all the acerca Spei 


51. 100 cm? of ozonized oxygen were taken 
under ordinary conditions and then kept at 
about 400 *C for some time. On cooling to. 
the original conditions, the volume was 
107 cm?. What would be the effect of expos- 
ing 25 cm? of the original ozonized oxygen 
to turpentine for some time? 


52. S0 cm? of a mixture of hydrogen and 
hydrogen chloride under room conditions 
were exposed to sodium amalgam for some 
time. The volume of gas (under similar con- 
ditions) was then 42.5 cm?. If 100 cm? of the 
original mixture was added to 50 cm? of 
ammonia, what would be the volume of the 
final gaseous mixture? What would be. the 
effect of exposing it to excess of dilute 
sulphuric acid in similar conditions? Explain. 


53. What is the molarity of the following 
solutions? (a) 0.53 g of sodium carbonate in 
100 cm? of solution. (b) 2.45 g of sulphuric 
acid in 500 cm? of solution. (c) 1 g of sodium 
hydroxide in 1 dm? of solution. (d) 15.75 g of 
nitric acid in 250 cm? of solution. (e) 5.6 g of 
potassium hydroxide in 750 cm? of solution. 
(f) 13.8 g of potassium carbonate in 200 
cm? of solution. (g) 18.25 g of hydrogen 
chloride in 500 cm? of solution. 

54. 12.5 cm? of 0.5M sulphuric acid neutra- 
lize 50 cm? of a given solution of sodium 
hydroxide. What is the molarity of the 
alkali? 

55..25 cm? of a solution of sulphuric acid re- 
quired 32 cm? of 0.1 M sodium hydroxide for 
neutralization. Calculate the concentration 
of the acid in g dm -?. 


56. 36cm? of a solution of sodium hydroxide 
required 25 cm? of 0.5M sulphuric acid to 
neutralize it. Calculate the concentration of 
the alkali in g dm-?. 
57. 25cm? of a sulphuric acid solution are 
neutralized by 27.0cm? of 0.1M sodium 
hydroxide solution. What is the concentra- 
tion of the acid solution in terms of (a) 
molarity, (b) g dm-?? 
58. 70 cm? of a sodium carbonate solution | 
required 50cm? of M sulphuric acid for 
complete neutralization. What is the con- 
centration of the solution of sodium car- 
bonate in g dm ?? 

. 3 of a solution of potassium car- 
Ra required 268cm* of 0.1M hydro- 
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-hloric acid for neutralization. If 50 cm? of 
the potassium carbonate solution are mixed 
with 20 cm? of 0.5M hydrochloric acid, how 
many cubic centimetres of 0.25M sodium 
hydroxide solution must be added to make 
the solution neutral? 


60. 1g of sodium hydroxide is added to 
30 cm? of M hydrochloric acid. How many 
cubic centimetres of 0.1M potassium hydrox- 


ide solution will be needed to neutralize the 
excess acid? 


61. 10 g of calcium carbonate were dissolved 
in 250 cm? of M hydrochloric acid, and the 
solution was. thea boiled. What volume of 
2M potassium hydroxide Solution would be 
Tequired to neutralize the excess of acid? 


$2. What» volume. of 9.1M_ sulphuric acid 
would be required to neutralize a mixture of 
1 g of anhydrous sodium carbonate and i g 
of sodiurn hydroxide? 


63, 10 g of a mixture of sodium chloride and 
anhydrous sodium carbonate were madé up 
to 1 dm? of aqueous solution, 25 cm? of this 
Solution required 20cm* of 0.2M hydro- 
chloric acid for neutralization. What was the 
Tass of sodium chloride in the mixture? 


64. 5.0 g of a mixture of sodium chloride and 
Sodium carbonate (anhydrous) were made up 
to 250 cm? of aquecus solution. 25 cm of 
this solution required 40 cm? of 0.1M hydro- 
chloric acid for neutralization. What is the 
percentage by mass of anhydrous sodium 
carbonate in the mixture? 


65. 3.5 g of a mixture of potassium carbonate 
and potassium sulphate (boih anhydrous) 
Were made up to 250 cm* of aqueous solution. 
25 cm* of this solution red 24.6 cm? of 
O.110M hydrochloric acid to neutralize. 


t is the percentage by mass of potassium 
carbonate in the mixture? 


66. 50cm? of a solution of ammonium 
chloride containing 2gdm-* were boiled 
with 50cm* of 0.1M sodium hydroxide 
solution. What was the mass of sodium 
hydroxide left in excess? 


67. 100 cm* of solution containing 10g of 
pure sulphuric acid were mixed with an equat 
volume of solution containing 15 g of hydro- 
gen chloride. "The mixture was stirred to make 
uniform. if there was no volume 

mixing, how many cubic centi- 
M sodium hydroxide- solution 
ceded to neutralize 25.cm? of the 


metres of 
would be n: 
mixture? 


68. 100 crn? of 9.05M sulphuric acid were 
placed in a flask and a small quantity of 
anhydrous sodium carbonate was added. The 
mixture was boiled to expel carbon dioxide, 
cooled and the volume restored by addition 
of distilled water to 100 cm. 25 cg. Of the 


solution (ow required 18cm? of /0JM - 
sodium hydroxide solution to neutralize th 
What was the mass of sodium carbonal 
added? 


69. Calculate the number of molecules oj 
water of crystallization in ethanedioic (c: fol- 
acid crystals, H4C;0,.xH50, from tho un 
lowing data: 5 g of the crystals were ma p " 
to 250 cm? of aqueous solution and 25 EN 
of this solution required 15.9 cm? of n 
sodium hydroxide soltition to neutralize i 


70. Equal volumes of oxygen and hydroge, 
are’ weighed at constant temperature and 
pressure. The masses are oxygen, X 8, nt 
hydrogen yg. Select the Roue s) 
from the following: (i) x = y, (ii) x = W» 
(iii) x — 8y, (iv) x = 16y, (v) x = iy. 
71. A certain atom has.atomic number, m 
and mass number A. Select the correct sta’ 
ments from the following. " is 
(a) The number of neutrons in the atom 
() Z — A, (ii) A — Z, (iii) A -- Z. is 
(b) The number x ON in the atom 
i) A, (ii) Z, Gii +Z). ^ 
: (^ The Hines oF electrons in the atom 19: 
@ Z, Gi) Z + A, (iii) A. 


72. The ammonia molecule forms a Mes 
bond with hydrogen ion. Which one of ol 
following statements is true: the bond (i 
results from an electron pair equally s! 

Gi) results frora a pair of electrons donated by 
the ammonia molecule, (iii) is an electro" 
valent bond, (iv) made from a pair of elec 
trons donated by tbe iydrogen ion? 


73. Elements X and Y are in Group JI and 
in Periods 2 and 3 of the Periodic Table. 
Which of the following, statements is true: r 
() Xand Y are both electronegative elements, 
(i) X and Y can both ionize by losing swo, 
electrons per atom, (iii) X and Y are equall 
electropositive, (iv) X and Y have eg! 
electrical conductivities? 


74. Which of the following statements is 
correct: sulphur is classified as a pion-meld r 
because (i) it has a low m.p., (ii) it isan elet 
tronegative clement, (iii) it is much less dens? 


than most metals, (iv) it forms a stable 
hydride? 


75. Which of the following statements 18 
Correct: iron is classified as à metal beai 

(i) it is àn electropositive element, (ii) it i 
much denser than any non-metal, (iil) 
forms 4 solid chloride, (iv) it shows t"? 
States of oxidation? 


76: Atoms A and B are isotopes of the sant 
glement, Which of the following statement 
are trué: A and B have (i) the same nuii 
of electrons, (ii) the same mass numbers ne 
the same number of protons, (iv) fao ad 
number of neutrons, (v) the same number < 
electrons in the highest energy level?. 


| 
| 


P3 


* magnesium is a go! 


T1. Which ofthe following statements is true: 
od electrical conductor 
because (i) it can be formed into Blaments, 
(i) its atoms contain posi! Charged 
nuclei, (iii) some of its electrons are fres to 
moye through the metal, (iv) it is extracted 


- from its chloride by electrolysis? 


D 


78. Whichofthe following statements is true: 
sulphur is a very poor electrical conductor 
because (i) it is less dense than most metals, 
(ii) its atoms contain positively charged 
nuclei, (iii) its electrons are tightly bound to 
atomic nuclei, (iv) it cannot be formed into 
filaments at room temperature? 


79. Which of the following statements is true: 
the Avogadro number is (i) the number of 
electrons in a mole of any solid clement, 
(ii) the number of atoms in a mole of any gas 
at s.t.p., (iii) the number of atoms in a maole 
of any element, (iv) the number of electrons 
needed to liberate one gramme of a uni- 
valent metal in electrolysis, (v) the number of 
Protons in a mole of any element? 


80. Which of the following statements is 
true: an aqueous solution of pH = 6 is (i) 
neutral, (ii) slightly acidic, (iii) strongly 
alkaline, (iv) strongly acidic? 

81. Which ofthe following statements is true: 
an aqueous liquid of pH = 8 is (i) slightly 
alkaline, (ii) neutral, (iii) strongly acidic, (iv) 
weakly acidic? 

82. Which of the following us solu- 
tions is most likely to liberate hydrogen by 
the action of magnesium powder, a solution 
of (i) pH — 7, (ii) pH =% (iii) pH = 12, 
(iv) pH = 6.5? \ 

83. Which of the following aqueous solu- 
tions is most likely to liberata buc d 
the action of aluminium powder, a solution 
of (i) pH = 13, (ii) pH = 7, Gil) PH = 74? 
84. Two gaseous compounds, A and b, have 
Telative DISHES masses of 2 and 50 respec- 
tively, In the same conditions, how many 
times faster does A diffuse than B 012^ 
tie (ii) 124 times, (iii) 5 times, (iv) 00 


85, Equal volumes of M hydrochloric acid 
aud M sulphuric acid ere neutralized by 
do lute sodium hydroxide solution and x kilo- 
re and y kilojoules of heat are liberated 
@ Pectively, Which of the following is true: 
de Vo Dx = (iii) x = 2y? 
ES Equal volumes of M hydrochloric acid 
ed sulphuric acid are neutralized separ- 
ang by dilute solutions of sodium hydroxide 
in Potassium hydroxide, The heat evolved 
each case is: 
M-HCI—NaOH a kJ 
M-HCI—KOH P kJ 
M-HSO.—NaOH c kJ 
M-H;S0,—KOH d kJ 
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: aie or s following statements are true: 

ìi) a= i) a = c, (iii) c = iv)b = 

Aa Ddr GD- e =d, (iv)b =d, 

87. Consider the reaction; 

: 3Ch + I7 -- Cl dH 

Which of the following statements are true 

with respect to it: (i) chloride ion is a 

PRSE ER Gi) chlorine is an oxidizing 

jon is i iv) iodi 

is an ozidizing agent? dg ne 
88. A and B. are atoms of elements i 
same early period of the Periodic datis 
A is in Group 1 and B in Group III. Which 
of the following statements are true:.{i) B has 
one more proton in its nucleus than A, (ii) the 
relative atomic mass of B. must be one unit 
greater than the relative atomic mass of A, 
(iii) A has one electron fewer than B in the 
highest energy level, (iv) B must have one 
neutron more than A in its nucleus, (v) A 
contains one electron fewer than B? 


89. A and B are atoms ‘of elements in the 
same Group of the Periodic Table. A is in 
Period 2 end B in Period 3. Which of the 
following statements is true: (i) A and B have 
equal numbers of protons in tbeir nuclei, (ii) 
A and B have equal numbers of electrons in 
their highest energy levels, (iii) A and B must 
have equal numbers of neutrons in their 
nuclei, (iv) A has two electrons, and B three 
electrons, in its highest energy level? 
90. Explain the following facts: (a) aqueous 
hydrogen chloride is strongly acidic while a 
solution of the gas in pure toluene is non- 
acidic; (5) methane is gaseous while sodium 
chioride is a solid at room temperature and 
pressure; (c) diamond is hard and very 
resistant to attack by chemicals, while 
graphite is soft and less resistant to chemical 
attack; (d) copper conducts electricity readily, 
sulphur hardly at all. 
91. The halogen elemenis, chlorine and 
bromine, both show: (a) uniyalency; (b) 
oxidizing action. Explain this in electronic 
terms. Give one example of the oxidizing 
ion of chlorine and one (different) 
example of the same for bromine, mentioning 
experiméntal conditions. Give evidence to 
show that chlorine is the stronger oxidizing 
agent. does the silver salt of bromine 
behave on exposure to light? 


92. The atom 
tron shells 2,8,8, 


N. 


valency of the elem s ies 
ties; (c) the likely nature and fi 


has elec- ~- 


— 
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93. Illustrate the idea of periodicity as 
applied to chemical elements by reference to 
the elements Sodium, nitrogen, chlorine, 
potassium, fluorine and phosphorus. Quote 
the electronic structures of their atoms and 


give at least two examples of. periodicity of 
properties among them. 


94. Two metals, A and B, are both divalent 
and without action on water. A is much the 
more electropositive. Explain, in electronic 
terms, what you would expect to happen if A 
is placed in a solution of a salt of B. What 
arrangement could be made, involving A and 
B, to obtain electric current? Explain how 
the t works and why it would 
probably be unsuitable for giving current 
Over a long period. Suggest, with reasons, 
likely forms in which A and B would occur in 


nature and likely means of extracting the 
metals, 


95. ri (a) two examples of Photocatalysis, 
one from organic and one from inorganic 
chemistry; (5) one example each of an exo- 
h c reaction and an endothermic reac- 
tion; (c) two reasons for considering air to be 
a mixture; (d) one example of an isotopic 
element, explaining the occurrence of the 


h 
5 aie A does suc 
isotopes. Why, in spite of isotopy, ight 
an element usually have only very at 


96. Outline the manufacture © s a 
carbide, What is meant by calling hern 
electrothermal reaction ?1In contran ae d 
the electrolytic extraction of "e eed 
explain the essential differences b M Of co 
two methods. Contrast the behaviour," 
water with calcium and calcium car ij 
97. The essential reaction for the 
process is: d 
Na + 3H: =/2NH3; A kJ evo i 
Deduce the conditions required to the con 
the greatest degree of efficiency in sefly ow 
duct of the process and indicate es jg the 
they are realized in practice. Ho’ 7 How 
ammonia extracted after production. Jarg? 


is it converted to nitric acid on th 
scale? 


ist), 
98. Give a concise account of the chee of 
of the chlorides, oxides and hydri repi 
nitrogen and phosphorus (excluding PICK aye 
ations) to show that these two element lat? 
Properly included in the same group. ele” 
your answer as much as possible tO 
tronic considerations. 
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1. MO + Ha> M + H,O 47. 77.8 dm? 
2. MgO 48. 20% 
MN; + 6H;O -> 3Mg(OFD; + 2NH, 49. 125 cm?; 25 cm? 
3. M2503; MCI 50. 50% each — 
4. 2M + 6HCI - 2MCl, + 3H; 5i. 3.5 cm? fall in volume | 
M50;; Mz(SOs)s 52. 90 cm? (20 cm? fall) 
6. 982. $3. (a) 0.05; (b) 0.05; (c) 0.025; (d) | 
7. 2MĊh + 3H4S0, > M:(S0.)s + SHC! (e) 0.133; ( 1; ( 1 ; 
M203; M(NOs)s 54. 0.25 
8.2) 55. 6.27 g 
9.3:5 56. 27.8 g- 
10, 2:3 57. 0.054; 5.298 | 
13. 1g 58. 757g | 
14, 11.78 59. 18.6 cm? 1 
15. 1.08 60. 50 cm? | 
16. Zn, 40.4%; S, 19.9%; O, 39.7% 61. 25cm* | 
17. 3g 62. 219 cm? ; 
18. 3.55 dm? 63. 1.52g 
19. 31.8 g; Ca(OH); by 0.84 g 64. 42.4% 
20. 41.796 65. 53.3% | 
21. 144g 66. 0.125 g 
22. 18.08 ; 67. 76.9 cm? i 
23. 37.5 g Cu; 111.5 nitrate 68. 0.148 g 
24. 9.84% 69. 2 
25. 0.581 g; 0.539 g 70. (iv) 
26. 4.05 g; 576 kg 71. (a) Gi) 3 
27. 7 (b) (ii) 
28. 64.4%; 35.6% (c) à) 
29. 0.224 dm* 72. (ii) 
30. 25 cm? oxygen 73. (ii) 
31. 16.8 dm* 74. (ii) 
32. 11.2 dn? 15. @) 
33. 99.0 cm? 76. (i) (iii) () 
34. 2.165 dm? TI. (ii) 
35. 1,43 g; 500 cm? H:S iii 
36. 209 g d 
37. 17.4 dm? 
38.-0.481 dm? 
Pe 30em*; 409 
38 g; 516 cm? 
41. 279 em? 50 cm? 


49 14 am; $) 4398 86: OG 
45. 75% 88. (i) ii) () 


46. 8.38 dm* 89. (ii) 
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Index 
ACIDIC OXIDE, 286 . bromides, 389 
acid salt, 269 bromine, 371 
acids, 264 bow ring test, 440 
rownian movement, 17, 34 


methods of preparation, 265 


addition reaction, 339 Bunsen flame, 231 


air, 220 
alcohols, 342 i CALCIUM, 457, 478 
alkalis, 267 d carbonate, 314, 321 
alkanes, 328 i chloride, 226, 386 
alkenes, 334 hydrogencarbonate, 248, 314, 323 
alkynes, 338 hydrogensulphite, 419 
allotropy, 91,295, 308, 396, 449 nitrate, 441 
alpha-ray, 212 oxide, 288 
alum, 416 sulphate, 417 
aluminium, 458, 480 sulphide, 403 
chloride, 385 candle, 229 
oxide, 287 flame, 231 
amines, 349 carbohydrates, 350 
aminoacids, 347 carbon dioxide, 312 
ammonia, 426 formula, 129 
formula, 124 shape, 87 
shape, 88 test for, 314 
ammonium carbonate, 317 monoxide, 314 
nitrate, 424 formula, 131 
nitrite, 424 carbonates, test for, 317 
sulphate, 416 : carboxylic acids, 345 
amorphous carbon, 308 catalyst, 197 
sulphur, 395 cathode, 149, 152, 177 
amphoteric oxide, 286 cathode ray, 71 
anhydride, 408 cell, 161 
anode, 149 Charles’ Law, 39, 105 3 
artificial elements, 217 chemical change, 1 
atom, 28 chlorides, 385, 388 
atomic bomb, 216 chlorine, 3 
fission, 215 industrial manufacture, 364 
fusion, 217 chromatography, 12, 353 
number, 74 close-packing, 85 
atomicity, 29, 109 coal, 23 
Avogadro number, 46 colloidal solution, 16 
Avogadro's hypothesis, 106 combination, 180 
law, 106 combustion, 220, 229 
compound, 6 
BAKING sopa, 322. concentration, 141 
bases, 266 condensation polymer, 349 
basic oxide, 267, 286, 287 conservation of mass, 22 i 
basic salt, 269 conservation of energy, 
beta-ray, 212 contact process, 189. 
bismuth(III) chloride, 187 co-ordinate bond, 82 
bleaching powder. 364, 370 copper, 466, 484 
boiling, 35 ; copper(I) carbonate, 322 
boiling point, 36° . oxide, 291, 429 
sulphate, 271, 275, 418 


Boyle's law, 38, 105 


1514  fedox 


co If) sulphide, 404 
UR bond. 81 
critical mass, 215 
` crystallization, 9, 270 
water of, 253, 254 


DALTON, 16 
Dalton's law, 41 
dative bond, 82 
decomposition, 180 
thermal; 190 
decrepitation, 9 
deliquescence, 226 
deuterium, 217, 305 
diamond, aa , 308 
iffusion, 
Senda lead(IV) oxide, 293 
dilution, 19 
dinitrogen oxide, 432 
formula, m 
isplacement, 
merae thermal, 190 
distillation, 11 
fractional, 259 
double decomposition, 181 
dynamic equilibrium, 182 


ELECTRODE, 149 
electrolysis, 147 

laws of, 163 
electrolyte, 149 
electron, 71 

shell, 73 

transfer, 174, 177 
electronegative elements, 476 
electroplating, 167 
electropositive elements, 474, 476 
electrovalent bond, 79 
element, 5 
empirical formulae, 54, 113 
endothermic reaction, 201 
energy, conservation of, 209 
equilibrium, 182 
esters, 348 
ethanoic acid, 345 


explosio of metals, 454 
p , 443, 452 


formule 123 tiation, 259 


gr il 
acti tation» 46^ 


furring, 250 `~ 
fusion, 217 


GALVANIC COUPLE, 161 
galvanization, 461 
gamma-ray, 212 
gaseous State, 37 
Gay-Lussac’s law, 105 
glass, 360 

glucose, 350 

graphite, 91, 308 
group, periodic, 96 


HABER PROCESS, 188, 427 
balf-life, 214 
halides, 384 
halogens, 362, 375 
hardness of water, 248 
heat of combustion, 204 
of hydration, 254 
of neutralization, 207 
homologous series, 329 
hydrocarbons, 328 
hydrogen, 301 
bomb, 211 
tond, 89 
bromide, 382 
chloride, 379 
formula, 123 
iodide, 383 
peroxide, 283, 296 
sulphide, 398 
formula, 128 
hypothesis, 17 


IcE, sHAPE, 89 
ideal gas, 39 
immiscible liquids, 20 
indicator, 136, 138 
Universal, 278 
ink, distillation of, 10 
insulator, 148 
iodides, 389 
iodine, 373 
shape, 90 


‘ion, 79 


discharge, 153 

ionic bond, 79 

ionic theory, 149, 152 

iron, 462, 480 

iron(1I) chloride, 387 
sulphate, 417 
Sa 8, 403 

iron(III) chlori 368, 
oxide, 290 ur 2 
sulphate, 418 

isomerism, 33] 

isotope, radioactive 218 


isotopes, notation, 15 


isotopy, 74 


KELVIN TEMP 
kinetic energy ATURE 39 
Kinetic theory, 31 


LATENT HEAT OF FUSION, 33 
lattice, 32 
law, Avogadro’s, 106 
Boyie’s, 38, 105 
Charles’, 39, 105 
conservation of mass, 22 
constant composition, 24 
Daiton’s, 41 
definite proportions, 24 
Gay-Lussac's, 105 
multiple proportions, 26 
reciprocal proportions, 28 
laws of electrolysis, 163 
Le Chatelier's principle, 184 
lead, 465, 484 
accumulator, 162 
lead(1I) carbonate, 322 
chloride, 387 
nitrate, 4, 276 
oxide; 291 
sulphate, 272 
sulphide, 404 
lead(IV) oxide, 292 
Leclanché cell, 162 
Leibig condenser, 11 
lime water, 314 
liquefaction, 284, 407, 425, 429 
liquid state, 34 | 
luminosity, 232 


MAGNESIUM, 457 

sulphate, 417 
manganese(IV) oxide, 294, 362 
mass spectrometer, 44 


- massicot, 4 


match industry, 450 
melting, 33 
melting point, 34 
mercury(1I) nitrate, 442 
oxide, 4, 292 
metallic bond, 84 
metals, 469, 473 
methane, 333 
shape, 87 
methanol, 342 
mixtures, 8 
molar mass, 112 
molar solution, 133 
molar volume, 112 
mole, 45 
molecular formula, 67, 113 
molecule, 28 
monoclinic sulphur, 395 


\NEUTRALIZATION, 268 
neutron, 71 
nitrates, 439 
nitric acid, 436 
nitrogen, 423 

cycle, 443 

dioxide, 435 

o«ide, 433 

formula, 127 

noble gases, 96, 225 


Index 


nomenclature, 50 
non-metals, 471, 473 
normal salt, 269 - 
nuclear energy, 215 
nucleus, 72 

nylon, 352 


oleum, 411 
oxidation, 179 
number, 173 
oxides, classification, 286 
oxidizing agent, 172 
oxygen, 282 
from liquid air, 284 
test for, 283 
ozone, 294 
formula, 130 


PARAFFIN, 334 


. physical change, 1 


plaster of Paris, 417 

plastic sulphur, 396 

polyethene, 337 

polymers, synthetic, 351 

polymorphism, 91 

polystyrene, 351 

potassium, 455, 478 
carbonate, 317 
chlorate, 282 
chloride, 386 
hydrogencaroonate, 322 
iodide, 374 
nitrate, 256, 440 
oxide, 288 
permanganate, 363 
sulphate, 416 

potential energy, 201 

producer gas, 310 

proton, 71 

purity, 14 

P.V.C., 341 


QUICKLIME, 289 


RADIATION, 212 
radical, 50 

radioactive isotope, 218 
rate of reaction, 192 
redox reaction, 177 


515 


516 Indes 

reducing agent, 172 
reduction, 179 

relative atomic mass, 44 
relative molecular mass, 44 
reversible change, 2 
reversible reaction, 181 
rhombic sulphur, 394 
rusting, 233 


SALTS, 269 
acid, 269 
basic, 270 
methods of preparation, 270 
normal, 269 
saturated solution, 255 
vapour pressure, 35 
separation, of mixtures, 8 
silica, 358 
silica gel, 360 
silicates, 359 
silicon, 357 
. tetrachloride, 361 
silver chloride, 387 
_ nitrate, 442 
simplest formulae, 54, 66 
Soap, 249 
sodium, 455, 478 
carbonate, 318 
chloride, 80, 386 
hydrogencarbonate, 322 
hydrogensulphate, 412 
hydroxide, 226 
nitrate, 441 
oxide, 288 
peroxide, 292 
Silicate, 359 
Sulphate, 274, 412, 416 
sulphide, 403 
thiosulphate, 257 
solid state, 32 
solubility, 256 
solute, 255 
solution, 255 
Solvay process, 318 
solvent, 255 
stalagmite, 251 
stalactite, 251 
standard solution, 133 
starch, 350 
state symbol, 62 
steam bath, 9 
steam, formula, 126 
shape, 88 


steel, 464 
stellar energy, 216 
stoichiometry, 58 
sublimation, 10, 33 
sulphates, 414 
sulphides, 393, 403 
sulphites, 419 
sulphur, 391 
dioxide, 404 
formula, 130 
heating, 2 


trioxide, 410 
sulphuric acid, 411 . 
sulphurous acid, 370, 407 
suspension, 255 
super-saturation, 259 
symbols, 48 
synthetic polymers, 351 


TEMPORARY HARDNESS, 250 

Terylene, 348 

tetrachloromethane, 324 

theory, 17, 29 

thermal decomposition, 190 
dissociation, 190 

titration, 136 ` 

tri-iron tetroxide, 290 

tritium, 217, 305 


UNITS, HEAT CHANGE, 201 
unit volume, 133 
unsaturation, 337 


VAN DER WAALS FORCE, 33, 82, 91 


vapour density, 109 
pressure, 35 


WASHING SODA, 320 
water, 240 . 
hardness of, 248 
of crystallization, 253, 254 
purification, 240 
water gas, 311 
water-vapour, 225 


ZERO, ABSOL 39 

zinc, 461, 480. 
carbonate, 32] 
Oxide, 290 
sulphate, 271, 417 
sulphide, 403 
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A NeW Certificate Chemistry 
A. Holderness & John Lambert 

Fifth Edition 

The developments now taking place constitute the 
greatest upheaval in school level chemical teaching 
in living memory. The problems it presents are as 
great in text-book authorship as in teaching, includ- 
ing as they do the implications of changing nomen- 
clature and units as well as great modifications of 
syllabuses, 


Keeping in view the requirements of all syllabuses, 
this fifth edition has been completely reset and red- 
esigned to a new format, including a substantial 
amount of new material, and the experimental work 


has been much extended both in scope and present- 
ation. 


The SI system of units/yhas been adopted through- 
out. 
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